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A b s t r a c t

8-methoxypsoralen plus near ultraviolet light (PUVA) is used to 
treat psoriasis and other cutaneous skin disorders. Much of the 
lethal and theraputic effects of PUVA treatment are attributed to 
the drug’s ability to covalently bind to DNA, forming crosslinks and 
thereby preventing its replication and transcription. Many organisms 
including bacteria have developed mechanisms to repair DNA
crosslinking damage induced by PUVA. A mutant of Escherichia coli 
(SA270), hyper-resistant to PUVA, was shown to have simultaneously 
become hyper-resistant to the DNA crosslinking agents mitomycin C 
and nitrogen mustard,but not to monofunctional DNA damaging agents 
such as far ultraviolet light. SDS-Polyacrylamide gel 
electrophoresis of total protein extract showed that a 55kd protein 
was over-expressed in strain SA270, but not in its wild type parent 
strain KL16. A mutation (designated puvR), located at 57.2 minutes 
on the E.coli chromosome, concomitantly caused over-expression of 
the 55kd protein and PUVA hyper-resistance.

Studies with radio.labelled 8-methoxypsoralen showed that the 
PUVA hyper-resistant phenotype of SA270 was not due to a decreased 
permeability barrier. It has been previously suggested that the PUVA 
hyper-resistant phenotype of SA270 was due to an enhanced DNA repair 
mechanism involving recA; however, in an experiment showing 
induction of the RecA protein, no induction of the 55kd protein was 
detected. Therefore the recA gene was not directly involved in 
controlling expression of the 55kd protein. However, complementation 
studies showed that the 55kd protein was negatively regulated and 
may therefore be indirectly induced by DNA crosslinks. Evidence also 
suggested that the recF gene product may be involved in regulating 
expression of the 55kd protein. A number of DNA repair-deficient 
mutants of E.coli (recA, uvrA, uvrC, recBC, recF and recN) were all 
sensitive to PUVA. This implicated the UvrABC excision repair 
pathway and the RecBC and RecF post-replication recombination repair 
pathways in DNA crosslink repair.

Lambda DNA damaged with PUVA was degraded by total protein 
extract of strain SA270 with greater efficiency than with total 
protein extract of KL16. This phenomenon was dependent on the 
presence of the 55kd protein since total protein extract of a PUVA 
hyper-sensitive mutant did not degrade X  DNA. In contrast, DNA 
incubated with purified 55kd protein was not degraded, suggesting 
that the protein was dependent on other proteins for its activity.

Since the uvrC mutant derivative of SA270 was not hyper­
sensitive to PUVA, the 55kd protein may form part of the UvrAB 
complex, thereby rendering its endonuclease activity specific for 
DNA crosslinks. Alternatively, there may exist a DNA repair pathway 
specific for crosslinked DNA damage which involves the 55kd protein 
in as yet an unknown role.
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y\fc> s fc ract.

8-methoxypsoralen plus near ultraviolet light (PUVA) is used to 
treat psoriasis a.nd other cutaneous skin disorders. Much of the 
lethal and therapeutic effects of PUVA treatment are attributed to 
the drug’s ability to covalently bind to DNA, forming crosslinks and 
thereby preventing its replication and transcription. Many organisms 
including bacteria have developed mechanisms to repair DNA 
crosslinking damage induced by PUVA. A mutant of Escherichia coli 
(SA270), hyper-resistant to PUVA, was shown to have simultaneously 
become hyper-resistant to the DNA crosslinking agents mitomycin C 
and nitrogen mustard,but not to monofunctional DNA damaging agents 
such as far ultraviolet light. SDS-Polyacrylamide gel 
electrophoresis of total protein extract showed that a 55kd protein 
was over-expressed in strain SA270, but not in its wild type parent 
strain KL16. A mutation (designated puvR), located at 57.2 minutes 
on the- E.coli chromosome, concomitantly caused over-expression of 
the 55kd protein and PUVA hyper-resistance.

Studies with radiolabelled 8-methoxypsoralen showed that the 
PUVA hyper-resistant phenotype of SA270 was not due to a increased, 
permeability barrier. It has been previously suggested that the PUVA 
hyper-resistant phenotype of SA270 was due to an enhanced DNA repair 
mechanism involving recA; however, in an experiment showing
productionof the RecA protein, no induction of the 55kd protein was 
detected.

Complementation studies showed that the 55kd protein was negatively 
regulated and may be indirectly induced by ENA crosslinks. Evidence 
suggested that the recF gene product may be involved in regulating 
expression of the 55kd protein. A number of DNA repair-deficient 
mutants of E.coli (recA, uvrA, uvrC, recBC, recF and recN) were all 
sensitive to PUVA. This implicated the UvrABC excision repair
pathway and the RecBC and RecF post-replication recombination repair
pathways in DNA crosslink repair.

Lambda DNA damaged with PUVA was degraded by total protein 
extract of strain SA270 with greater efficiency than with total 
protein extract of KL16. This phenomenon was dependent on the
presence of the 55kd protein since total protein extract of a PUVA
hyper-sensitive mutant did not degrade X DNA. In contrast, DNA 
incubated with purified 55kd protein was not degraded, suggesting 
that the protein was dependent on other proteins for its activity.

Since the uvrC mutant derivative of SA270 was not hyper­
sensitive to PUVA, the 55kd protein may form part of the UvrAB
complex, thereby rendering its endonuclease activity specific for 
DNA crosslinks. Alternatively, there may exist a DNA repair pathway 
specific for crosslinked DNA damage which involves the 55kd protein 
in as yet an unknown role.
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1•1 The History of Furocoumarins

Furocouraarins, which include the psoralen compounds, have been 

used for centuries, in the form of plant extracts, to treat skin 

disorders such as vitiligo (leukoderma). Psoralens are present in 

many plant species, including celery, parsnips, parsley and cloves, 

and preparations of such plants have been used to treat skin 

complaints. In ancient literature dating back to 1550 B.C., and in 

Indian and Chinese medical books from around 200 to 700 A.D., 

references were made to the seeds of the Bavachee plant, now known 

as Psoralen corylifolia which were used to treat vitiligo. Patients 

would ingest preparations of the seeds and expose themselves to 

sunlight. After a short time, an acute inflammatory response would 

occur, which would finally resolve in the repigmentation of the 

vitiligo.

In more recent times psoralens have been widely studied for 

their therapeutic properties, but it was not until the 1930’s that a 

connection was made between the mode of action of psoralens and the 

requirement for ultraviolet light. Subsequently, El Mofty 

(1968) used orally administered psoralen compounds to treat 

vitiligo. The treatment was only successful if the patient was 

exposed to sunlight or ultraviolet light. By the late 1940’s many 

psoralen compounds had been isolated and, in 1953, a combination of 

orally administered 8-methoxypsoralen and ultraviolet light was 

successfully used to treat vitiligo.

Ler.ner et al. (1953) suggested that psoralens could be used to 

treat other skin complaints such as psoriasis (fig.l). At a meeting 

held by the Academy of Dermatology in Chicago, Allyn (1962) reported

- 2 -



that there had been a favourable response when 8-methoxypsoralen was 

applied to psoriatic plaques followed by ultraviolet illumination of 

wavelength 320nm. The action spectrum for 8-methoxypsoralen was

therefore noted to be in the UVA, near ultraviolet or long wave

region of the electromagnetic spectrum (fig. 2). Subsequent studies 

showed that the combination of 8-methoxypsoralen, and indeed other 

psoralen compounds, with near ultraviolet light, caused inhibition 

of deoxyribonucleic acid (DNA) synthesis in mouse epidermis and 

human fibroblasts (Epstein & Fukuyama, 1970; Baden et al., 1972). 

Thus, inhibition of DNA synthesis in the epithelial cells undergoing 

the abnormal proliferation characteristic of psoriasis (fig.3) was 

an ideal and obvious way to treat the disease. Parrish et al. (1974) 

successfully treated severe cases of psoriasis with orally

administered 8-methoxypsoralen plus near ultraviolet light (PUVA),

but it was not until 1982 that the treatment was approved by the 

Food and Drug Administration Authority, and even then, only for the 

most severe cases of psoriasis.



FIG .4. EXAMPLES OF PSORIASIS.FIG..t. EXAMPLES C6 PS<RIASIS. 
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1.2 PUVA Therapy

Orally administered psoralen is readily absorbed into the body, 

with between one and six hours required for the drug to reach a peak 

concentration in the serum following ingestion (Goldstein et al., 

1982). Once absorbed by the cutaneous cells, the skin remains 

sensitive to near ultraviolet light for up to twelve hours, after 

which time 90% of the psoralen compound has been excreted. 8- 

methoxypsoralen is the drug most commonly used in PUVA therapy, 

although 5-methoxypsoralen has also been used in less severe cases 

of psoriasis since it is less phototoxic than 8-methoxypsoralen. As 

already described, the psoralen photochemotherapy action spectrum is 

within the near ultraviolet light region of the electromagnetic 

spectrum. The precise wavelength needed for maximum effectiveness of 

PUVA therapy is a matter for debate. Some workers have suggested 

that wavelengths of 330 to 360nm produce the best results (Pathak et 

al., 1974), while others suggest a range between 320nm and 335nm 

(Fleming & Brody, 1985). Shorter wavelengths of near ultraviolet 

light are generally more effective and this should be considered by 

ultraviolet light source manufacturers when designing lamps for 

photochemotherapy.

1.3 Mode of Action of Psoralens

The psoralens are linear furocoumarins composed of a furan ring 

fused to a coumarin molecule. An example of this is shown in fig.4. 

The most widely studied photoreaction of psoralens occurs with DNA, 

but it is worth noting that there are other target sites for these 

drugs within the cell. Other types of molecular lesion may also 

contribute to the effectiveness of PUVA therapy. Nevertheless, the

- 7 -



psoralen-DNA interaction is the most important consequence of PUVA 

treatment and has the greatest detrimental effect on the cell.

Since 8-methoxypsoralen is the compound used most in PUVA

therapy its interaction with DNA will be discussed in detail. 8-

methoxypsoralen causes damage to DNA when photolysed by near 

ultraviolet light. In this reaction, 8-methoxypsoralen first binds 

non-covalently to a pyrimidine base in the DNA. When irradiated with 

near ultraviolet light, a monoadduct is formed between the psoralen 

and the DNA base (fig,5). The base involved is usually a thymine 

molecule, although photoaddition to cytosine has also been reported 

(Calvin & Hanawalt, 1987). Absorption of a second photon of near 

ultraviolet light by a thymine monoadduct causes it to form a 

covalently bound adduct with another base in the complementary DNA 

strand (fig.5). This is known as interstrand crosslinking and, as 

will be discussed later, is of greater biological significance than 

monoadduct formation. It has been shown (D’all Acqua , 1977) 

that psoralen monoadducts and crosslinks result from cycloaddition

between the 5,6-bond of a pyrimidine base and the 3,4-pyrone or

4,5-furan bond of the psoralen molecule. 30% of the 4,5-adducts 

photochemically react, via the 3,4-double bond, with a pyrimidine 

base on the complementary strand of DNA to form a crosslink. The 

capacity to form crosslinks varies with the psoralen compound 

involved. For example, 8-methoxypsoralen readily forms crosslinks, 

but angelicin, an angular furocoumarin (fig.6), can only form 

monofunctional adducts and its usefulness as a drug is dependent on 

the fact that it can form bonds with other cellular components 

((D’all Acqua et al., 1983).



Photobiological effects caused by PUVA, such as RNA and DNA 

synthesis inhibition, appear a short time after irradiation with 

near ultraviolet light. Such effects occur to

the same extent whether the DNA contains monoadducts or crosslinks. 

Long term effects such as skin photosensitisation, are dependent on 

the DNA damage caused by crosslinks.
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1.4 Reaction of Psoralens with Cell Components Other than DNA

Consideration must also be given to the biological effects 

psoralens can induce in the cell when molecular lesions to cell 

components other than DNA are produced. Psoralens can also bind to 

cellular components such as lipids and proteins. Indeed Pathak & 

Kramer (1969) demonstrated that only 0.18% of topically applied

psoralen bound to the DNA component of guinea pig skin, even under

ideal conditions. Thus using radiolabelled psoralen to penetrate the 

epidermis, they found that 82% of the radiolabel was contained 

within the cytoplasm. From this fraction, 99.5% of the radiolabel 

was recovered in a low molecular weight fraction representing 

unreacted psoralen or psoralen bound to low molecular weight 

molecules such as lipids and amino acids. Frederickson & Hearst 

(1979) showed that treatment of HeLa cells with psoralen and near 

ultraviolet light caused an increased risk of RNA degradation 

attributed to the release of ribosomal enzymes. Lysis of lysozomes

implied that damage had occurred to proteins or lipids in the

lysosomal membrane. Work by Laskin et al,. (1985) has shown that 

there are high affinity binding sites for psoralens on cellular 

membranes, while electron-microscopy, using fluorescence, clearly 

shows that photo-binding to target sites other than DNA occurs when 

cells are exposed to PUVA (Cech et &1.> 1979).

A. Lipid-Psoralen Interactions

When simple fatty acids were mixed with 8-methoxypsoralen and 

irradiated with near ultraviolet light combined products were 

detected (Kittler et al.} 1986). It was demonstrated that some 

lipids play very important roles in mediating hormonal signals and



other processes within the cell. Psoralen-lipid interactions can 

seriously affect the pathways responsible for hormone production and 

consequently have a profound effect on cell processes. The binding 

of psoralens with cell membrane components is a significant 

biological interaction. 8-methoxypsoralen is known to bind to lectin 

binding sites (Laskin et al., 1985) and morphological changes in the 

cell membrane have been observed when cells were treated with a high 

dose of PUVA (Wennersten, 1979). Psoralens have been shown to cause 

oxidation of fatty acids and lipid peroxidation leads to degradation 

of the cellular membrane and eventual cell death. Pathak & Joshi 

(1983) have suggested that lipid peroxidation might be as 

significant a component of the anti-proliferative effects of PUVA 

treatment as the cycloaddition of psoralens to DNA.

Caffieri et al. (1988) reported that PUVA can cause damage to 

cell membranes. This study showed that, both in vitro and in vivo, 

there was a photoreaction at 365nm between the methylesters of 

unsaturated fatty acids and various psoralen compounds. Psoralens 

were shown to bind covalently to epidermal unsaturated fatty acids 

and it was proposed that this reaction might also play a role in the 

skin phototoxic effect observed in patients treated with PUVA.

B. Protein-Psoralen Interactions.

Protein-Psoralen interactions have been widely studied and both 

"dark" and photoinduced binding has been reported. Psoralens have 

been shown to react with a number of proteins without the need for 

near ultraviolet light. These reactions, although slower than "dark" 

binding of psoralen to DNA are nevertheless critical in terms of 

their biological effect. Human and bovine lipoproteins in

- 14 -



particular, have been observed to non-covalently bind with psoralens 

(Melo et al., 1984).

Interpreting the effects of psoralens plus near ultraviolet 

light on proteins in vivo has proved difficult. However, 8- 

methoxypsoralen plus near ultraviolet light has been observed to 

cause a decrease in the rate of glucose metabolism in brain and 

liver cells (Ali & Agarwala, 1974). Psoralens have been shown in 

vitro to covalently bind to proteins such as lysozyrae, serum 

albumin, histone and ribonuclease in the presence of near 

ultraviolet light (Grossweiner, 1984). In addition to covalent

binding psoralens plus near ultraviolet light may also cause amino 

acid oxidation (Nilsson et al., 1972).

1•5 Side Effects Associated with PUVA Treatment

Besides the beneficial effects of PUVA therapy in the treatment 

of skin disorders, unwanted side effects are often encountered. The 

nature of PUVA treatment is such that psoralen is taken up into 

normal epithelial cells as well as into rapidly proliferating cells 

of the psoriatic lesion (fig. 7). When exposed to near ultraviolet 

light, normal healthy cells are subjected to the same phototoxic 

effects used to destroy the psoriatic cells. Binding of psoralen to 

DNA and other cellular components of normal epithelial cells can 

thus cause mutagenesis, changes in metabolism and even cell death. 

Side effects of PUVA treatment therefore include skin erythema, 

edema, vasiculation, hyper-pigmentation and carcinogenesis. Precise 

guide lines for the use of PUVA therapy have consequently been drawn 

up and, before such treatment is given, a detailed medical history 

is taken from each patient. For example, a history of exposure to
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ionising radiation may increase the risk of developing cutaneous 

malignances following PUVA treatment. Some medical conditions, such 

as bullous disease, cataracts, severe cardiovascular, hepatic or 

renal disease and immunosuppression can be aggravated by PUVA 

therapy. Patients who show abnormalities in melanocytes during PUVA 

therapy (ie. increased synthesis of melanin or an increase in the 

size of melanocytes) must be screened for many years after PUVA 

treatment to monitor the development of any atypical or malignant 

lesions.

- 16 -



U VA

t
psora/en

FIG.7. THE NATURE OF PUVA TREATMENT



The formation of non-melanoma skin cancers following PUVA 

treatment has been studied by a number of groups. In a 2.1 year 

study of 1375 patients receiving oral PUVA treatment, Stern et al,

(1982) found that 30 patients had cutaneous carcinomas and 48 had 

basal and squamous cell carcinomas. The incidence of these cancers 

was 2.6 times greater than in the untreated population control. 

Patients having certain skin types, i.e. those who burn and never 

tan following exposure to near ultraviolet light had an excess of 

skin cancers following PUVA treatment. Other studies have shown that 

patients who developed skin cancer [following PUVA therapy] often 

had a previous history of exposure to known carcinogens such as 

arsenic, ionising radiation or methotrexate

(Honigsmann et al., 1980). Following adjustments for exposure to 

ionising radiation and other factors, Stern et al. (1984) showed, in 

a 5.7 year study of 1380 psoriatic patients receiving PUVA 

treatment, that there was a dose dependent risk of the patients 

developing cutaneous squamous cell carcinoma. Compared with low dose 

PUVA treatment, patients exposed to a high dose had a 12.8 times 

higher risk of developing squamous cell carcinoma. Both exposure to 

other carcinogens and the intensity of PUVA treatment appears to 

determine the carcinogenic risk of PUVA therapy. PUVA therapy can 

therefore probably act as either a cocarcinogen or as an independent 

carcinogen in the development of cutaneous squamous cell carcinoma. 

It is consequently of vital importance that studies of PUVA-treated 

patients are carried out to monitor the long-term carcinogenic 

effects associated with PUVA treatment.
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1.6 The Genotoxic Effects of PUVA

It is likely that the increased risk of cutaneous cell 

carcinoma found in patients receiving PUVA treatment is due to 

genotoxic effects produced by crosslinking of DNA in the cutaneous 

cells. DNA damaging agents are, in general, mutagenic and the 

psoralen compounds are no exception. Altenburg (1956) first studied 

the mutagenic effects of 8-methoxypsoralen in the polar caps of 

Drosophila melanogaster eggs. Genotoxicity has also been reported in 

bacteriophage T4 (Drake & McGuire, 1967), Escherichia coli (Igali et 

al., 1970) and Aspergillus sp. (Alderson & Scott, 1970). Yatagai & 

Glickman (1986) studied the types of mutations generated by PUVA in 

the lacl gene of E.coli. They deduced that, following PUVA 

treatment, almost all classes of mutation, including base 

substitution, frameshift and deletions were produced. The variety of 

mutants generated by PUVA treatment is not particularly surprising 

since the DNA lesions can be either monoadducts or crosslinks. 

Studies have also shown that PUVA mutagenesis can occur in mammalian 

cell culture. Burger & Simmons (1979ajb) reported mutations in the 

genes of both Chinese hamster V79 cells and human fibroblasts. They 

also reported a good correlation between the mutation frequency and 

the concentration of psoralen used in the experiment.

Mutagenesis by psoralens alone, chiefly frameshift mutations, 

have been reported in E.coli (Bridges & Mottershead, 1977) and 

Salmonella typhimurium (Quinto et al., 1984). 8-methoxypsoralen is 

administered to patients orally, and it has been suggested that this 

may cause a ’’dark" mutagenic effect. However, the reported 

occurrence of mutagenesis in skin cells exposed to psoralen only 

occurred at concentrations far above those which are present during
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normal PUVA therapy; it would therefore seem unlikely that dark 

mutagenesis would pose a genetic risk to the psoriatic patient.

Mutagenesis in bacteria caused by psoralen monoadducts appears 

to occur as a result of error prone repair (see section 1.7). 

Psoralen monoadducts resemble the pyrimidine dimers produced by 

short wave ultraviolet light (235nm) in that they prevent base 

pairing. Every monoadduct will therefore have the potential for 

causing mutation, probably by a mechanism akin to that resulting 

from irradiation with ultraviolet light. In order to understand the 

possible mechanisms involved in the repair of PUVA damaged DNA, it 

is therefore appropriate to first consider the known mechanisms of 

repair available to the cell following DNA damage in general. It is 

beyond the scope of this thesis to consider DNA repair in all living 

organisms. Therefore the repair enzymes and mechanisms described in 

the following sections are those identified in bacteria, primarily 

in E.coli.

1.7 Types of DNA damage and Repair Mechanisms

Environmental conditions pose a continual threat to the genetic 

material of all living things. Ultraviolet light, ionising radiation 

and exposure to numerous chemicals can cause serious damage to the 

physical structure of DNA that, if not repaired, may lead to cell 

death. Spontaneous alterations to DNA can also occur as a 

consequence of base loss, chemical alteration of bases or changes in 

base sequence. These alterations also pose a threat to the cell’s 

existence.
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A. Types of DNA Damage

(i) Deamination products

Under normal physiological conditions the deamination of 

cytosine bases occurs at a high frequency in E.coli. Uracil is 

formed as a result and, if not repaired, will cause transition 

mutations (Duncan & Miller, 1980). Other deamination products also 

lead to transition mutations.

(ii) Depurination and Depyrimidination

Methylation of purines or pyrimidines leads to destabilisation 

of the N-glycosylic bond. Apurinic and apyrimidinic sites can be 

generated by a wide variety of N-glycosylases present in the cell 

(Lindahl, 1982) and can also be formed spontaneously.

(iii) Damaged Nucleotides

Chemicals such as hydroxylamine and hydrogen peroxide, or 

ionising radiation can damage nucleotides thereby generating 

compounds which have altered hydrogen-bonding characteristics.

(iv) Phosphodiester Cleavage

Phosphodiester bond cleavage is caused by agents which produce 

double or single strand breaks in the DNA. Ionising radiation has 

been shown to produce this type of damage (Teoule, 1987).

(v) Alkylation of DNA

Alkylating agents from the largest known class of mutagens 

include compounds such as methyl methane sulphonate and ethyl 

methane sulphonate. These agents transfer methyl or ethyl groups to
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various positions on either the purine and pyrimidine rings or the 

phosphodiester backbone of DNA. Alkylation mainly occurs at the N7 

group of guanine and the N3 group of adenine and, if unrepaired, can 

result in mutations arising through base mispairing.

(vi) Ultraviolet Light Induced DNA Damage

Ultraviolet light induces a variety of types of DNA damage, 

the best studied of which is the pyrimidine dimer which arises from 

formation of a cyclobutane ring across the 5,6 double-bond of 

adjacent pyrimidines. Thyraine-thymine dimers are the most common 

dimer formed, but cytosine-thymine and cytosine-cytosine dimers have 

also been reported (Gorden & Haseltine, 1982). A second type of 

pyrimidine dimer has been identified between the 6 position on one 

pyrimidine and the 4 position on another; thymine-cytosine dimers 

are the most common photoproduct of this type found (Franklin et 

al.t 1982). Ultraviolet light is responsible for many types of 

mutation and it has been suggested that a variety of additional 

lesions other than dimer formation are generated when DNA is exposed 

to ultraviolet light (Kushner, 1987).

(vii) DNA Crosslinks

DNA crosslinking damage is caused by bifunctional alkylating 

agents such as psoralen plus near ultraviolet light, mitomycin C and 

mechloroethamine (nitrogen mustard). Damage to DNA by such agents 

will be discussed in detail elsewhere in this thesis. It is, 

however, worth noting that the formation of crosslinks is of great 

biological significance to the cell in that lesions which covalently 

join the two strands of the DNA helix present a special challenge to 

the E.coli repair system.



B. The SOS Response and Genes . Involved in DNA Repair

The importance of accurate replication of DNA is exemplified by 

the numerous genes that are involved in DNA repair. Bacterial repair 

mechanisms are economic in that they make use of pre-existing 

functions. Gene products involved in both replication and 

recombination also participate in DNA repair, but, in addition, the 

cell encodes many enzymes whose role is limited to DNA repair only.

(i) The SOS Response

In E.coli, DNA damage or interruption of DNA replication by a 

variety of treatments results in the "SOS response" which increases 

the cell’s capacity for DNA repair, cell filamentation, cessation of 

respiration, DNA degradation, induction of stable DNA replication, 

induction of resident prophages and enhances mutagenesis. These 

responses are due to the functions of more than 17 genes, designated 

din genes (damage inducible genes) (table 1).

Regulation of the SOS response is mediated through the recA and 

lexA genes. The LexA protein represses the SOS genes including recA 

and lexA (Walker, 1985) ̂  Following exposure to inducing

treatments, signals are produced that activate the RecA protein. 

This is then capable of mediating LexA repressor cleavage. The 

cleaved LexA protein no longer functions as a repressor and various 

genes of the SOS regulon are consequently derepressed. Increased 

expression of these genes is responsible for enhanced DNA repair and 

the induction of the other physiological effects mentioned above.

Apart from replication and recombination functions, two other 

main types of activity have also been implicated in DNA repair:
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endonuclease activity, which is responsible for strand cleavage, and 

glycosylase activity, which removes nitrogenous bases in situ.
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Gene

lexA

phr

recA

TABLE 1

SOS-associated recombination and major DNA. repair 
genes in E.coli

Function

SOS repressor 

Photolyase

General recombination, LexA repressor cleavage, SOS 
mutagenesis. RecF pathway gene, DNA repair

recB, recC, recD

recF

recJ

recfi

recO

recQ

ruv

sbcB

sbcC

sulA (sfiA) 

umuC, uauD 

uvrA,uvrB,uvrC 

uvrD

Exonuclease V, RecBC-dependent recombination, SOS 
signal generation

RecF-dependent recombination, daughter strand gap 
repair, double strand break repair

RecF-dependent recombination

RecF-dependent recombination, double strand break 
repair

RecF-dependent recombination

RecF-dependent recombination, resistance to 
thymineless death

RecF-dependent recombination, daughter strand gap 
repair

Exonuclease I, suppressor of recBC 

Suppressor of recBC 

Cell division inhibitor 

SOS mutagenesis 

Excision repair

DNA helicase II, RecF dependent recombination, 
excision repair, methyl directed mismatch repair, 
DNA replication

I

I

1
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(ii) Endonuclease Activity

Endonuclease activity is responsible for strand incision near ?|

the site of an altered or damaged nucleotide(s), thereby allowing 

the damaged nucleotide and several surrounding nucleotides to be 

subsequently removed. The uvrA,B and C genes have been implicated in
Ithe repair of a wide variety of DNA damage, including the "dark”
. 'Irepair of pyrimidine dimers and DNA crosslinks. Individually the If

uvrA B and C gene products have no endonuclease activity, but, as a !

complex, each protein performs partial reactions leading to a dual 

incision event. Sancar & Rupp (1983a)reported that incisions were f

made seven bases 5’ to the lesion and three or four bases 3’ to the f

lesion.

The uvrA gene has a single promoter which is overlapped at its

5* end by a consensus SOS box. The LexA protein has been shown to

bind to this operator region in vitro (Sancaretal,'1982) Following 

induction by the SOS response the UvrA protein has been shown to 

increase from approximately 20 to 200 copies per cell. The uvrB gene 

is regulated in a more complex way. Three distinct promoter regions 

have been identified (Sancar et al., 1982b). Two promoters, PI and

P2 are located close to each other, with P3 being 300 base pairs 

away upstream. Van den Berg et al, (1983) showed that both PI and P2

had a LexA binding site. Little is known about P3 since

transcription from this site has never been observed. Expression of 

the uvrC gene is also very complex and in contrast to other SOS 

genes induction is very slow. Four potential promoters in the 5’ ff

region of the uvrC gene have been identified. Van Sluis et al.

(1983) suggested that transcription was initiated at a promoter site

0.4kb from the putitive translation start site. However, Sancar et
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al. (1984) have produced evidence to suggest that transcription 

occurs predominantly from a promoter region, lkb from the

translation start site. Conflicting data regarding the control of 

expression of the uvrC gene exists. Van Sluis (1983) reported that 

the uvrC gene is induced in vivo and a putative SOS box was 

identified. It was later shown, however, that this site did not bind 

the LexA protein (Granger-Schnarr et al,, 1986). Foster & Strike 

(1988) failed to show any induction of the uvrC gene product 

following ultraviolet irradiation or mitomycin C treatment, and Van 

Houten (1990) has proposed that the uvrC gene is regulated so as to 

maintain expression at very low levels.

The functions associated with the UvrAB and C proteins are also 

complex. Several groups have cloned the uvrAB and C genes, enabling 

large amounts of the Uvr proteins to be purified (Sancar & Rupp, 

1983b;Thomas et al., 1985). Subsequently, detailed studies of the 

proteins have been undertaken and the incision events performed by 

the UvrABC endonuclease complex, elucidated.

The UvrA protein binds adenosine 5’-triphosphate (ATP) which 

increases its affinity for binding to damage induced deformities in 

the DNA helix. The UvrB protein, in association with the UvrA 

protein, forms a stable ternary complex with the DNA. This complex 

is recognised and bound by the UvrC protein, thereby generating a 

catalytically active endonuclease capable of nicking the DNA. It is 

important to note that the UvrABC endonuclease has a broad substrate 

specificity capable of incising many types of damage (Van Houten, 

1990). Although it is not yet apparent how one protein complex can 

act on such a diverse set of DNA lesions, it is however known that 

damage can lead to changes in the dynamic structure of DNA. At least
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six types of structural and conformational changes caused by various 

types of damage have been described (Van Houten, 1990) and it has 

been suggested that it is these alterations that are potential 

substrates for the UvrABC endonuclease complex.

(iii) Glycosylase Activity (Kushner, 1987)

The glycosylase enzymes are able to remove specific nitrogenous 

bases in situ from a polynucleotide chain, leaving the glycosyl bond 

between the base and the deoxyribose ring intact. These enzymes 

create apurinic or pyrimidinic sites (AP) depending on their 

specificity. Such sites produced by the action of glycosylase 

enzymes are subsequently recognised by endonucleases. AP 

endonucleases cleave the DNA backbone at the 5* side of the AP site. 

ExoIII (the xthA gene product) has endonuclease activity, termed 

EndoII, which can also cleave DNA on the 5’ side of a lesion. EndoIV 

has the same activity. Three further endonucleases, EndoIII, EndoV 

and the endonuclease activity of the RecBC nuclease, appear to act 

non-specifically on damaged DNA.

Once a nick has been made by endonuclease activity, 

exonucleases remove damaged DNA. Following a 5’ nick, the damage is 

removed by 5’ -> 3’ exonuclease activity. This 5’ -> 3* activity can 

be mediated by the Poll exonuclease enzyme (the 5’ -> 3’ function of 

polymerase I), Exo VII (the xseA gene product) and Exo V (the RecBC 

exonuclease function). It is worth noting that these enzymes also 

have 3* -> 5’ exonuclease activity. DNA repair employing N-

glycosylases is summarised in fig. 8.
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{taken from Kushner, 1987)



C. DNA Repair Mechanisms

Having described the genes involved in DNA. repair . , it is now 

appropriate to consider the actual mechanisms of DNA repair.

(i) The Adaptive Response

The adaptive response is induced following exposure of cells to 

non-lethal concentrations of simple alkylating agents such as N- 

methyl-N’-nitro-N-nitrosoguanidine. The adaptive response is recA- 

independent and is controlled by the ada gene product which, besides 

acting as a methyl-guanine-DNA methyltransferase (Teo et al., 1984), 

acts as a regulatory protein in the response. Induction of at least 

four genes, ada, alkA, alkB, and aidB have been observed (Volkert & 

Nguyen, 1984) following exposure of cells to low concentrations of 

alkylating agents. The alkA gene product is a glycosylase enzyme 

which is thought to scan DNA and remove potentially mutagenic methyl 

groups (McCarthy et al., 1985). Products of the alkB and aidB genes 

have not yet been identified. The ada gene product shows 

methyltransferase activity (Demple et al., 1982) and is able to 

transfer either methyl or ethyl groups to a cysteine molecule 

located on the protein itself. It is thought that this activity 

converts the Ada protein to a positive regulator, which in turn 

binds to sequences in promoter regions of other adaptive response 

genes. Once the glycosylase activity of the Ada and AlkA proteins 

have produced an AP site, DNA polymerase I and DNA ligase complete 

the DNA repair process.
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(ii) Mismatch Repair (Claverys & Lacks, 1986)

Occasionally an incorrect base is incorporated into DNA and is 

unable to form a hydrogen bond with the template base in the 

parental strand. A repair mechanism exists to correct such errors 

and is termed mismatch repair. A pair of non-hydrogen bonded bases 

is recognised and a polynucleotide segment is excised from one 

strand. The resulting gap is filled by Poll activity and the repair 

completed by DNA ligase. The mismatch repair system has been 

analysed both genetically and biochemically and the genes required 

for this type of repair include dam, mutH, mutL, mutS and uvrD. The 

product of the dam gene is a DNA adenosine methylase which 

recognised the degree of methylation of a DNA strand and 

preferentially excises nucleotides from the under-methylated strand. 

The mutH, mutL and mutS gene products have been purified (Claverys & 

Lacks, 1986). The mutS gene product binds to a single base pair 

mismatch and the mutH gene product is a site-specific endonuclease 

which cleaves (5’) a phosphodiester bond on the under-methylated DNA 

strand. No activity for the purified mutL gene product has so far 

been obtained.

(iii) Other Pre-replicative Repair Processes

The remaining DNA repair processes can be conveniently divided 

into pre-replication and post-replication events. The following DNA 

repair processes are pre-replication events which function upstream 

of the replication fork.
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a. Excision Repair

One of the best characterised and most widely studied DNA 

repair pathways in E.coli is nucleotide excision repair. This 

pathway consists of five basic steps: damage recognition, incision,

excision, repair synthesis and ligation. Excision repair 

encompasses correction of the three main types of DNA damage: 

missing bases, base defects and structural alterations such as dimer 

formation. During damage recognition, one or several proteins bind 

to the damage induced distortion. The remainder of this section 

will concentrate on the UvrABC excision endocuclease and the 

excision repair events which occur following incision of the DNA 

strand.

A detailed account (section 1.7.B(ii)) has already been given 

of the enzymatic events involved in recognition of DNA damage and 

incision of the DNA strand 5’ and 3’ to the lesion. In the next 

step of excision repair, the damaged oligonucleotide is removed by 

exonuclease activity. In the case of uvrABC endonuclease activity, 

another protein is required, following excision, for the turnover of 

the protein complex (Yeung et al., 1986). Kuemmerle & Masker 

(1980) observed that the UvrD protein (helicase II) stimulated 

UvrABC endonuclease activity within the cell and Husain (1985) found 

that the UvrD protein appeared to allow turnover of the UvrC subunit 

and stimulated the incorporation of nucleotides by polymerase I. It 

is conceivable that, unless UvrD protein is present during the 

polymerase step, UvrC will remain bound to the excised oligomer due 

to its high affinity for single stranded DNA.
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It is interesting to note that exonucleolytic removal of 

damaged DNA by Poll exo5*-> 3* activity is concomitant with DNA

polymerase repair synthesis of DNA.

DNA polymerase I will add sufficient nucleotides to enable 

sealing of the repair patch by DNA ligase.

Excision repair is completed by DNA ligase which ligates the 3’ 

hydroxyl and the 5’ phosphate groups of the nucleotides around the 

nick. The nick 3’ to the original damage is identical to that formed 

by the repair endonuclease 5’ to the DNA damaged site. It has been 

suggested that indiscriminate and premature ligation of incisions is 

blocked by removal of the terminal phosphate group by a DNA 

phosphatase or by the action of a specific DNA binding protein. The 

main features of excision repair are summarised in fig. 9.

As already discussed, several of the enzymes involved in excision 

repair are under the control of the LexA repressor protein. These 

include UvrA, B, D and possibly UvrC. Polymerase I and DNA ligase 

are not controlled by LexA. Induction of the uvrA B and D gene

products suggests that these proteins are involved in the rate

limiting step of excision repair.

b. Photoreactivation

Photoreactivation was the first type of DNA repair recognised 

in E.coli and involves the enzymatic cleavage of cyclobutane

pyrimidine dimers in the presence of visible light {330 to 600nm). 

It was observed that survival of ultraviolet light irradiated
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bacteria was higher if the cells were exposed to intense visible 

light {Rupert et al., 1958). It is now known that, in the presence 

of visible light, an enzyme identified as photolyase cleaves thymine 

dimers thereby removing DNA damage. Two photoreactivation enzymes 

have now been identified in E.coli and purified (Sutherland et al., 

1973; Snapka et al., 1980; Sancar & Sancar, 1988). The enzyme 

purified by Sutherland, and later by Snapka, was termed photolyase R 

and had a molecular weight of 36,000 kd. This enzyme does not 

absorb light and it has been difficult to understand its function 

since visible light is a requirement in the photoreactivating repair 

process. The second enzyme, purified by Sancar & Sancar (1988), is 

now known to be the product of the phrB structural gene (Sancar & 

Rupert, 1978). The purified protein had an absorption maxima at 280 

to 380 nm. Fig. 10 outlines the mechanism involved in 

photoreactivation.
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(iv) Post-Replication Repair

DNA damage has a major effect on DNA replication. During DNA 

replication, polymerase III may reach a pyrimidine dimer, or another 

lesion, which causes the cessation of DNA synthesis (Setlow et al., 

1963). An idling reaction occurs in which dNTP’s are incorporated 

and removed from the DNA. After approximately five seconds the DNA 

polymerase resumes synthesis along the chromosome and an Okazaki 

fragment is initiated at the next available RNA primer site after 

the DNA damage. As a result, large gaps are found in the newly 

synthesised strand opposite the damage site. This type of process 

was first suggested by Rupp & Howard-Flanders (1968) who also 

hypothesised that the gaps or secondary lesions could then be filled 

by genetic recombination. Despite normal excision repair occurring 

in recA strains, cells were shown to be very sensitive to 

ultraviolet irradiation. Howard-Flanders & Boyce (1966) showed that 

recA uvrA double mutants were more sensitive to ultraviolet light 

than either of the single mutants, thereby suggesting a role of 

genetic recombination in the repair of ultraviolet light induced 

photoproducts.

Two main mechanisms have been proposed for post replication repair: 

daughter strand gap repair and error prone repair.

a. Daughter Strand Gap Repair

Fig. 11 shows the mechanism proposed for daughter strand gap 

repair. Repair of the secondary lesion requires both a functional 

recombination system and repair synthesis components,
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General recombination proceeds via the RecBC-dependent pathway, 

which requires the recA, recB and recC genes. In a strain lacking 

the RecBC pathway, the RecF pathway mediates recombination, but only 

poorly. Its effectiveness can be increased by a mutation in either 

of two genes: sbcA^ resulting in increased levels of exonuclease

VII, or sbcB, resulting in the inactivation of exonuclease I (the 

recBC exo gene product). Both recombination pathways are controlled 

by the recA gene, but unlike the RecBC pathway, the RecF pathway is 

subject to LexA regulation and may therefore participate in DNA 

inducible recombination repair (Lovett & Clark, 1983). The RecF 

recombinational pathway is thought to augment the predominant role 

of the RecBC recombination pathway in E.coli by "helping" the cell 

to cope with additional recombinational substrates such as daughter 

strand gaps resulting from DNA damage. Gene components of the RecF 

pathway include recF, recA, recN, recJ, recQ, recO and uvrD. All 

have been implicated in post replication repair (Walker, 1985). 

Strains with mutations in RecF pathway genes display variable 

phenotypes depending on the type of DNA damaging agent encountered. 

For example, mutations in the recA, recF, ruv and uvrD genes confer 

sensitivity to both ultraviolet light (far ultraviolet) and 

mitomycin C, a DNA crosslinking agent (Walker, 1985). A mutation in 

the recN gene makes the cell sensitive to mitomycin C, but not to 

ultraviolet light (Lloyd et a l 1983), whereas a mutation in the 

recO gene makes the cell sensitive to ultraviolet light, but not to 

mitomycin C (Kolodneret al ..,1985 ).This differential sensitivity of 

mutants in the same pathway suggests that different gene products 

are required to repair a given type of DNA lesion.
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To summarise, the predominant mechanism of daughter strand gap 

repair is mediated through the RecF pathway of recombination. The 

recA, recF and ruv gene products all function directly in daughter 

strand gap repair (Walker, 1985) and mutations in these genes cause 

deficiencies in this repair mechanism.

In some cases, daughter strand gaps are not repaired and are 

converted to double strand gaps. Double strand gap repair is 

performed by the components of the RecF pathway and requires 

functional recA and recN genes (Picksley et al., 1984). The

introduction of a sbcB mutation into a recBC mutant strain 

(deficient in double strand gap repair) restores the cell’s capacity 

to repair double strand gaps, presumably by depressing the RecF 

recombination pathway gene recN (Wang & Smith, 1985). Addition of a 

recF mutation to a recBC sbcB strain blocks repair, suggesting a 

role for recF in double strand gap repair. Wang & Smith (1986) have 

also described a double strand gap recombinational repair process 

involving the recA and recB genes, but this mechanism remains 

unclear.
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EIG.ll. DAUGHTER STRAND GAP REPAIR.
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FIG.11. DAUGHTER STRAND GAP REPAIR.
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b. Error Prone Repair (Kushner, 1987)

As described earlier, the cessation of DNA replication caused

by DNA damage elicits a pleiotropic set of effects in E.coli called 

the SOS response. A number of the genes induced by the SOS response 

are involved in error-free repair systems such as excision repair. 

Other SOS-inducible genes are, however, involved in error-prone 

repair. This is a bypass system that allows DNA replication to 

proceed past DNA damage. As in daughter strand gap repair, the 

replication of DNA is halted if damage is encountered at the 

replication fork. Unlike the daughter strand gap repair process, 

error-prone repair is able to mediate transdimer synthesis. 

Polymerisation proceeds across the dimer and, although fidelity of 

replication is lost, DNA chain growth can continue. Consequently, 

even though intact DNA strands are formed, the strands are often

defective (survival with some loss of information is better than no 

survival at all) and mispaired bases are frequent, resulting in 

mutagenicity.

Following induction of the SOS response, the mutation frequency

of E.coli is increased 100-fold. It is now known that the mutagenic

events produced by error-prone repair result from a functional, and 

possibly physical, interaction between the DNA PolIII, RecA, UmuC 

and D proteins that allows replication across the site of a DNA 

lesion. Berckhardt et al. (1988) showed that the enhanced mutation 

rate following induction of the SOS response required the UmuC and D 

proteins. Although the genes encoding these proteins have been 

sequenced (Perry et al., 1985), limited gene expression has meant 

that the biochemical nature of the UmuC and D proteins has not been 

widely studied. Berckhardt et al. (1988) were successful in
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purifying the UmuD protein (15kd) and studies showed that this 

protein showed homology with the LexA protein. This was 

particularly interesting since the RecA protein was also shown to 

cleave the UmuD protein. This result suggested that the RecA protein 

had a function additional to its LexA regulatory role, Nohmi et al. 

(1988) showed that the RecA protein was also able to activate the 

UmuC protein.

In conclusion, the umuC and umuD gene products, induced by the 

SOS response, are of particular importance in error-prone repair. 

Current biochemical models suggest that these proteins affect the 

fidelity of DNA polymerase III, leading to reduced specificity in 

base pairing. The precise functions of the UmuC and D proteins are 

not well understood.

1.8 Repair of Psoralen Damaged DNA

A. The Repair of Psoralen Monoadducts

As with any other type of damage, damage to DNA by PUVA poses a 

genetic risk to the cell. Monoadducts are of less biological 

significance than crosslinks as the cells are able to repair damage 

to one DNA strand more readily than they can repair simultaneous 

damage to both strands of the DNA duplex. In repair proficient 

E.coli cells, the major pathway for the repair of psoralen 

monoadducts is by excision and resynthesis of the DNA. Averbeck & 

Moustacchi (1975) noticed that Saccharomyces cells deficient in 

excision repair were more sensitive than wild type cells to PUVA 

treatment. As with pyrimidine dimers, the uvrABC endonuclease 

recognises helical distortions in the DNA produced by the psoralen

- 42 -



   = : :   - —

adduct. Van Houten et al. (1987) used DNAase I foot-printing 

techniques to determine the parameters for the DNA-UvrABC protein 

interactions involved in damage recognition. They were able to show 

that the UvrA protein is the DNA recognition subunit and that the 

binding of the UvrB protein to the UvrA-DNA complex induces tighter

binding accompanied by a conformational change in the DNA-enzyme

complex. The incisions made by the UvrABC endonuclease either side 

of the psoralen adduct are approximately one helical turn of B-DNA 

apart. This may be significant when considering what determines the 

location of incision relative to the lesion. The distortion of the 

DNA created by the psoralen adduct is asymmetrical with respect to 

the helical axis of the DNA and this may facilitate preferential 

binding of the UvrA protein to the damaged strand. Alternatively,

binding of the UvrABC endonuclease to the DNA may unwind the DNA

helix, thereby creating denaturation regions approximately 12 

nucleotides long. The enzyme complex may then incise the DNA at the 

boundaries of this conformation.

B. Repair of Psoralen Crosslinks

Removal of psoralen monoadducts from damaged DNA by excision 

repair requires an undamaged complementary DNA strand to act as a 

template in order to fill the resulting gap. However, this type of 

repair mechanism is unsuitable for the removal of psoralen 

crosslinks since both strands of the DNA are damaged and 

consequently there is no undamaged strand following an excision 

event to act as a repair template.

One of the most detailed studies of crosslink repair was made 

by Cole (1973). Using E.coli as a model system, Cole suggested



that the repair of crosslinks involved a combination of excision 

repair and recombinational repair (fig* 12). The UvrABC

endonuclease recognises the crosslink and an incision is made on one 

strand either side of the damage. A nuclease then widens the gap 

and exposes a single stranded region. Ensuing strand exchanges 

between homologous duplexes inserts an intact base sequence 

complementary to the strand still carrying the partially excised 

crosslinking residue. The remaining arm of the crosslink is excised 

when the twin helical DNA structure is restored. The resulting gap 

in this repair process cannot be filled by simple polymerisation, 

but appears to be filled by recombination with a pre-existing intact 

duplex elsewhere in the cell. Cupido & Bridges (1985) reported that 

the repair of 8-methoxypsoralen induced DNA crosslinks in E.coli and 

lambda phage was associated with homologous recombination. They 

showed that there was no crosslink repair in E.coli cells containing 

a single genome.
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REPAIR AS PROPOSED BY COLE (1973)*



More recently a similar repair mechanism for psoralen 

crosslinks has been proposed by Van Houten et al. (1986a) (fig. 13). 

The incision mechanism observed in vitro with a psoralen crosslink 

substrate, combined with previous in vivo studies, demonstrated that 

crosslink repair was absolutely dependent on a functional RecA 

protein. As with monoadduct repair, Van Houten et al. (1986a) 

suggested that the UvrABC endonuclease produces dual incisions in 

only the DNA strand which is covalently linked to the furan ring of 

the psoralen. The incision is made at the 9th and 3rd 

phosphodiester 5’ and 3’ respectively to the crosslink. This is a 

different pattern to that observed when the UvrABC endonuclease 

incises either side of monofunctional damage, and provides more 

evidence to suggest that the complex recognises the extent of 

helical distortion produced by different types of damage rather than 

the damage itself. Following incision, the excised oligomer is 

displaced by the RecA protein which mediates strand invasion by a 

sister duplex. Alternatively the oligomer may be displaced by the 

dual action of the UvrD protein and DNA polymerase I, which together 

mediate translesion DNA synthesis so as to fill in the gap. A 

triple strand intermediate is produced that has two fully 

complementary strands of DNA attached to the excised oligomer via 

the psoralen molecule. In a final step, endonucleases cut the DNA 

on either side of the attached psoralen molecule and the two 

oligomers, which are joined by the crosslink, are removed by the 

combined action of the UvrD protein and DNA polymerase I. Finally 

the excision gap is resynthesised and ligated.



FIG.13. A MECHANISM FOR THE REPAIR OF PSORALEN
CROSSLINKS AS PROPOSED BY VAN HOUTEN ET AL. 
(1986b). SEE OVERLEAF.

THE UVRABC ENDONUCLEASE INCISES AT THE 9thAND 3rd 
PHOSPHODIESTER 5* AND 3* RESPECTIVELY.

THE EXCISED OLIGOMER IS DISPLACED.

THE RECA PROTEIN MEDIATES STRAND INCISION BY A
SISTER DUPLEX. A TRIPLE STRAND INTERMEDIATE IS 
PRODUCED.

ENDONUCLEASES CUT THE DNA ON EITHER SIDE OF THE' 
PSORALEN MOLECULE AND THE TWO OLIGOMERS ARE 
.REMOVED BY THE COMBINED ACTION OF UVRD AND POLI.

THE EXCISION GAP IS RESYNTHESISED AND LIGATED



13. A MECHANISM FOR THE REPAIR OF PSORALEN CROSSLINKS 
PROPOSED BY VAN HOUTEN ET AL* (1986b).
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Data produced by Jones & Yeung (1988) has shown that the UvrABC 

endonuclease is capable of incision on either the furan-DNA linked 

side of the psoralen molecule or the pyrone-DNA linked strand, 

although Van Houten et al. (1986a) observed only furan side 

incision. They suggested that the chemical structure of the

crosslink is important and that a specific DNA-adduct conformation 

causes incision to be

i. mainly on the furan-DNA side 

ii. mainly on the pyrone-DNA side 

iii. the same on either strand

Cheng et al. (1988) tested for the presence of a post-recombination 

incision step and completion of repair as proposed by Van Houten et 

al. (1986a). A site specific crosslinked three stranded DNA 

molecule, generated through RecA mediated homologous pairing and 

psoralen photochemistry, was used to resemble the post-recombination 

substrate. The results obtained confirmed the model’s prediction

that UvrABC endonuclease will recognise a three-stranded complex and 

specifically incise the modified strand to release the crosslinked 

fragment. For psoralens lacking the 4’ substituent, the initial 

incisions may occur on either strand, whereas for 4’-hydroxy- 

methyl-4,5’,8-trimethyl psoralen the furan side is recognised first. 

In both cases a three-stranded substrate may be required before the 

UvrABC endonuclease makes the second set of incisions (Cheng et al., 

1988). To excise the original duplex twice without replacing the 

excised fragments would induce a double strand break. Both the 

first and second incision steps have now been carried out in vitro, 

but the various interactions between the RecA protein, involved in a
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RecA mediated recombination step, and the UvrABC endonuclease are 

still unknown.

Genetic and biochemical studies on E.coli mutants have been 

responsible for identifying the genes involved in the repair of 

psoralen crosslinks. Sinden & Cole (1978) studied the repair of 

crosslinked DNA in E.coli strains carrying mutations affecting DNA 

metabolism. Using wild type cells of E.coli, DNA strands cut by 

endonucleases during crosslink removal were rejoined during 

incubation to form high molecular weight molecules. The rejoining 

of DNA was dependent on gene products involved in genetic 

recombination. A correlation was found between recombination 

proficiency, the rate of strand rejoining and the formation of 

viable progeny after treatment with PUVA. Wild type and other recf 

cells rejoined cut DNA strands at a rate of 0.8 +/- 0.1 per minute 

at 37 °C and survived 53 to 71 crosslinks per chromosome. Strains 

with recB, recC, recBC, recF or poll mutations showed reduced rates 

of strand rejoining and survived only 4 to 13 crosslinks per 

chromosome. Recombination-deficient strains carrying recA, recBC 

sbcB recF, recB uvrD or lexA mutations failed to rejoin DNA strands 

following crosslink removal and were unable to form colonies after 

treatment. Strand rejoining occurred normally in cells with 

mutations affecting DNA replication. In a poll, polll, dnaE strain, 

strand rejoining occurred at 37°C but not at 42°C, indicating that 

some DNA synthesis was required for formation of intact 

recombination molecules.

Sinden & Cole (1978) made the following generalizations:

i. Strains deficient in, or having greatly reduced levels of,

recombination were most sensitive to PUVA treatment. Sensitive



strains included those carrying recA, recBC sbcB recF, recB 

uvrD or lexA mutations.

ii. recB, recC, recBC, recF or poll mutants survived about 4 to 13 

crosslinks per chromosome.

These results suggested that repair of psoralen crosslinks 

proceeds through the RecBC and RecF recombination pathways, since 

single mutations in these genes reduced cell survival and the rate 

of strand rejoining after crosslink removal. No strand rejoining 

occurred when both pathways were blocked.

In conclusion, the repair of psoralen crosslinks has an 

absolute requirement for a recombinational step in E.coli cells.

C. Uvr-Independent Repair of Psoralen Crosslinks

Several studies have suggested that psoralen adducts, including 

DNA crosslinks, might be repaired in a manner different from the 

Uvr-Recombination pathway of repair. Bridges & Von Wright (1981) 

showed that a uvrA rep double mutant was more sensitive to the 

killing effects of psoralen crosslinks than a single uvrA mutation. 

It was suggested that the Rep protein, a DNA helicase, may work in 

conjunction with RecA to make the psoralen crosslink more accessible 

to repair enzymes such as glycosylases. Bridges (1983; 1984) showed 

that the repair of crosslinks occurred in uvrA, uvrB and uvrA poll 

mutants. In an attempt to ascertain whether this Uvr independent 

repair of crosslinks might be error-prone, mutation frequencies of 

trp gene mutations were determined in uvrA mutants treated with 

PUVA. A 12~fold increase in the mutation frequency was observed, 

suggesting that the residual crosslink repair in a uvrA mutant is
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indeed error-prone. It has been proposed that E.coli might produce 

an alternative error-prone pathway that does not involve homologous 

recombination. Yatagi et al. (1987) suggested a pathway in which gap 

filling by DNA polymerase I, assisted by helicase II, can substitute 

for the recombination step.

Work by Zhen et al. (1986) and Sladek et al. (1988) has 

suggested the involvement of a novel glycosylase activity in the 

repair of monoadducts and crosslinks.

1.9 Aims of This Project

Molecular mechanisms involved in the repair of psoralen damage 

are of great significance if the response of cells to PUVA treatment 

is to be fully understood. Ahmad & Holland (1985) isolated a mutant 

strain of E.coli K12 that, compared to the parent strain showed 

enhanced resistance towards 8~methoxypsoralen plus near ultraviolet 

light. This PUVA resistant mutant, designated SA270, remained as 

sensitive as its parent wild-type strain for far ultraviolet light, 

a monofunctional damaging agent, suggesting that PUVA resistance was 

due to an enhanced repair mechanism unique to crosslinked damage. 

Using polyacrylamide gel electrophoresis to analyse proteins from 

total cell lysates of the PUVA resistant mutant, it was possible to 

show that a protein of approximately 55kd was synthesised in higher 

concentrations than in the wild type parent strain. Synthesis of 

this protein was greatly reduced in a recA derivative of the PUVA 

resistant mutant, indicating that the damage to DNA by PUVA is 

repaired by a mechanism under the control of the LexA/RecA inducible 

repair system.
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Ahmad & Holland (1985) suggested that the PUVA resistant mutant 

resulted from a mutation affecting the regulation of the 55kd 

protein. It was suggested that over-expression of the 55kd protein 

was responsible for the increased resistance of the cell and that 

the 55kd polypeptide was specifically responsible for repairing 

PUVA-damaged DNA. It seems likely that the first step in such a 

repair process would be the identification of psoralen molecules

bound to DNA and subsequent incision of the DNA at or near the

damage. Perhaps a double strand specific endonuclease is responsible 

for the first step in this reaction, while the RecA/LexA inducible

repair system completes the repair process. In a wild type E.coli

the levels of the 55kd protein were low and this probably limits the 

repair of DNA damage. However, in the resistant strain, the removal 

of PUVA damage is facilitated due to enhanced levels of the 55kd 

protein perhaps acting as an endonuclease or a psoralen-binding 

protein. The low levels of the 55kd protein in the recA derivative 

of the resistant mutant suggested that the expression of the protein 

may be controlled by the RecA protein (Ahmad & Holland, 1985).

The aim of the work described in this thesis was to continue 

the study and elucidate the genetic and biochemical properties of 

the PUVA-resistant mutant, SA270. It was thereby hoped that the 

function of the 55kd protein and its role in the repair of psoralen 

crosslinks could be determined.
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2.1 Bacterial Strains, Plasmids and Bacteriophages

Origins and genotypes of the bacterial strains, plasmids and 

bacteriophages used in this study are listed in Table 2.

Long-term storage of bacterial strains was achieved in either 

sterile nutrient broth (NB) or minimal medium, both containing 20% 

glycerol, at -80°C.

When in use, strains were maintained on nutrient agar (NA) or 

minimal plates at 37°C or 30°C with frequent subculture.

2.2 Chemicals and Media

All chemicals used were of Analar grade (BDH Chemicals, Poole, 

UK.) or equivalent, or as specified in the methods. All solutions 

were made in distilled water unless stated otherwise. For genetic 

and biochemical work, all glassware was soaked for 2 hours in 12M 

hydrochloric acid and washed extensively in distilled water.

All media were sterilised by autoclaving at 121°C for 15 

minutes at 15 lb/sq in. NB and NA were obtained from Difco and 

prepared according to the manufacturer’s instructions.
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Table 2
Bacterial strains, plasmids and bacteriophage

Strain Genotype Source

a. E. coli

KL16 Hfr E. coli K12 wild type B. Bachmann
SA270 Hfr PUVA hyper-resistant mutant 

derivative of KL16
S.I. Ahmad

AB1157 F- thil,his4,proA2,argE3, thrl 
leuB6,aral4,lacYl,galK2,xyl5,mtll 
tsx33,supE44,rpsl32.

B. Bachmann

X121 F- galk35, X“ ,pyrD34,trp45,his68,tyrA2, 
malAl, ( X B),xyl7,mtl2, thil

B. Bachmann

JH108 F" nalB mutant derivative of X121 This study
JH109 F" tyrA::Tn10,puvR (tyrA~— >X121) This study
KL711 F’ (143) B. Bachmann
N3087 F- tyrA: : Tn 10, IN(rrnD-rrnE) 1 R.G. Lloyd
PN10 F" phe,leu,met,pro,thi P.B. Nathan
JH110 PUVA hyper-sensitive mutant of SA270 

carrying a Tn51ac insertion in the 
putative puvP gene

This study

JH111 PUVA hyper-sensitive mutant of KL16 
carrying a Tn5lac insertion in the 
putative puvP gene

This study

SP254 F“ as AB1157, but recN262 R.G. Lloyd
SA256 recBC,his,thi S.I. Ahmad
JC7623 F“ AB1157, but sbcBIS,recB21,recC22 A.J. Clark
JC9239 F" AB1157, but recF143 A.J, Clark
JC8111 F- AB1157, but sbcB15,recB21,recC22, 

recFl43 A.J. Clark
JC13013 F" AB1157, but recJ153 A.J. Clark
SA316 recA::TnlO mutant derivative of SA270 S.I. Ahmad
RDK1540 recF;:Tn 5 R. Kolodner
N3024 F“ uvrC279: :T!nlO IN (rrnD-rrnE) 1 R.G. Lloyd
BT12 F" as AB1157, but recF400: :Tn5, 

uvrA215: :MudI (lacAp)
A.J. Clark

JC12123 F“ as AB1157, but recJ 284::TnlO A.J. Clark
SA78 Hfr P4x uvrA,pro,thi S.I. Ahmad
KL14 Hfr E.coli K12 wild type B. Bachmann
SA236 Far ultraviolet light hyper-resistant 

mutant derivative of KL14 uvh,uvs
S.I. Ahmad

SA305 metB, thr,lys,ilv,thi,uvs S.I. Ahmad
SA273 argB, thr, thi S.I. Ahmad
JH102 RifR SA236 This study
AB2569 F“ {gpt-proA)62, lacYl, tsx29,supE44 

galk2, X ~ ,hisG4 xyl5,mtll thil metA28
B. Bachmann

AT753 F" lacYl, supE44, gal6, X ~tilvl, rhal, metBl 
argEl, thil

B. Bachmann

b. Strains of E.coli used to prepare plasmids and bacteriophages
W3110 colEl 

IN {rir
plasmid strain, F" , X",colEl+, 

•nD-rrnE) 1
B. Bachmann

KT1087 MudI(lac+Apr),gpt,proA,argF,rpsl K.J. Towner
SF800 (PI: :Tn51ac) poll thy nalr K.J. Towner

c. Bacteriophage lysate 

Phage PI vir K.J. Towner
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All media were adjusted to pH 7.0 unless otherwise stated and 

contained the following constituents:- 

Minimal Medium (per litre)

M9 X10 100ml

0.1M MgS04 10ml

0.01M CaCl2 10ml

VitBl (thiamine) 5ml

20% Glucose 20ml

(2% Agar Nol Difco)

All solutions were autoclaved. Amino acids were added as 

required from autoclaved 4mg/ml stock solutions to a final 

concentration of 40pg/ml.

M9 X10 (per litre):-

Na2HP04 60g

KH2PO4 30g

NaCl 5g'

NH4CI lOg

dissolved in distilled water and autoclaved.
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LB Medium (per litre)

Bacto Tryptone (Difco) lOg

Bacto Yeast Extract (Difco) 5g

NaCl lOg

The pH was adjusted to 7.5 with sodium hydroxide and the medium

autoclaved.

R-plates for PI transduction (per litre)

Bacto Tryptone (Difco) lOg

Bacto Yeast Extract lg

NaCl 8g

Agar Nol 12g

Following autoclaving, 5ml of 20%^/glucose(sterile) was added to 

the medium. Soft top R-agar was prepared as above, but with 8g 

of Agar No 1 added instead of 12g.

2.3 Buffers and Antibiotics

a. Buffers

All serial dilutions and bacterial cell resuspensions were carried 

out in Genetic Buffer.
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Genetic Buffer (per litre)

Na2HP04 7g

KH2 P04 3g

NaCl 4g

MgS04.7H20 0.2g

The solution was autoclaved.

Xdil (TMG buffer) (per litre):-

Tris base 1.21g

MgS04.7H2 0 1.20g

Gelatin 0.10g

The pH was adjusted to 7.4 with HCl and the buffer sterilised by 

autoclaving.

b. Antibiotic stock solutions

Antibiotic stock solutions were prepared in water unless otherwise 

stated.

Ampicillin: Stock solution 25mg/ml, sterilised by filtration and

stored at -20°C

Kanamycin: Stock solution 25mg/ml, sterilised by filtration and

stored at -20°C

Streptomycin: Stock solution 25mg/ml, sterilised by filtration and

stored at ~20°C
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Tetracycline: Stock solution 25mg/ml, sterilised by filtration and

stored at -20°C in the dark.

2.4 Sensitivity Tests

a. Disc sensitivity test.

lml of an overnight NB culture was added to 4ml soft-top NA in 

a sterile test tube. The contents of the tube were mixed well and 

immediately poured on to a plate of NA. A sterile antibiotic assay 

disc (Whatman, 6mm) impregnated with a DNA-damaging agent, was 

carefully laid on to the agar surface and the plate incubated 

overnight at 37°C. The zone of inhibition around the disc (diameter 

in mm) was recorded.

b. Sensitivity to far ultraviolet light.

Cultures were grown in NB medium. A drop of each culture to be 

tested was individually placed at one end of a plate of NA. The 

plate was then raised at that end so that the drop formed a line of 

culture across the plate. The cultures were allowed to dry on to the 

plate at room temperature. Using a piece of card, the cultures were 

then exposed to various doses of far ultraviolet light calculated as 

described in Appendix I, emitted by a Phillips type TUV, G15T8 (15W) 

ultraviolet lamp. The dose of far ultraviolet light required to 

kill the cells was recorded.

c. Sensitivity to psoralen plus near ultraviolet light (PUVA)

Cultures were grown overnight in NB medium and, as described 

above, applied to NA plates containing 25 pg 8-methoxypsoralen/ml.
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The cultures were allowed to dry and, using a piece of card, were 

exposed to various doses of near ultraviolet light, calculated as 

described in Appendix I, emitted by a Phillips type HP 3148/A (240v) 

ultraviolet lamp (~360). The plates were incubated at 37°C for 12-24 

hours and the dose of PUVA required to kill the cells recorded.

d. Measurement of cell survival.

lml of an overnight culture in NB medium was diluted in 9ml 

genetic buffer containing the required concentration of DNA damaging 

agent. 0.1ml samples were withdrawn at known time intervals, or 

after exposure to a known dose of ultraviolet light, (depending on 

the experiment), serially diluted and plated on to NA. The number of 

colonies present after 12-24 hours incubation at 37°C was recorded. 

Experiments were repeated at least four times and the logio

percentage survival for each strain plotted against the 

concentration of damaging agent or exposure dose of ultraviolet 

light.

2* 5 Sodium Dodecvl Sulphate (SDS) Polyacrylamide Gel 

Electrophoresis

SDS-Polyacrylamide gel electrophoresis was performed using a 

Protean II gel apparatus (Bio-Rad, Watford U.K.). Protein samples 

(0.2mg) in loading buffer were loaded into wells formed in a 4% 

stacking gel (pH6.8). The proteins were resolved using a 10%

separating gel (pH8.8). The gel was run at 30mA constant current for 

4 to 5 hours in running buffer. After this time, the gel was removed 

from the gel apparatus and immersed in fixative for 1 hour. The

separated proteins were stained with 0.1% Coomassie blue (Sigma
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U.K.) for 15 minutes and then destained overnight in 

methanol/glacial acetic acid (see below).

The reagents and gel preparations were prepared as follows;

Stacking gel 4%

10% SDS (stock solution) lOOpl

10% Ammonium persulphate 50pl

(freshly made)

TEMED 5pl

Running Buffer (5x concentrate) per litre

Glycine 114g

Tris 30g

10% SDS 50mls

(adjust pH to 8.5)

i

Acrylamide (10%) 10ml

N’N ’-Bis-methylene acrylamide 1.7ml i
1M Tris-HCl pH 6.8 11.2ml

Distilled water 6.87ml

10% SDS (stock solution) 300pl

10% Ammonium persulphate lOOpl
4(freshly made)

TEMED lOpl
Separating gel 10% |

Acryamide (10%) 10ml

N ’N ’-Bis-methylene acrylamide 1.50ml • I

1M Tris-HCI pH 6.8 1.75ml 1
$Distilled water 5.6ml J

I
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Loading Buffer

DTT

10% SDS

1M Tris HCI pH6.8 

Glycerol 

Bromophenol Blue

Final concentration 

0.1M 

2%
80mM

10%
0.2% in ethanol

Fixative

Methanol

Glacial Acetic acid 

Distilled water

500mls

lOOmls

500rals

Stain

As fixative but with 0.1% Coomassie blue.

Destain

Methanol 50ml

Glacial acetic acid 70ml

Made up to 1 litre with distilled water.

2.6 Preparation of Total Protein Cell Lysates

100ml of an overnight culture in LB medium were centrifuged qt 

6,000g for 10 minutes. Cells were washed and resuspended in 10ml 

Tris-HCl (pH 7.5). The cells were lysed by passing them through a 

French pressure cell (Moore & Sons, Birmingham, U.K.) at 10 

tons/square inch, Cell debris was removed by centrifuging the lysate 

at 5,000g for 10 minutes at 4°C. The supernatant was retained and

- 63 -



kept on ice. A protein assay was performed on each sample as 

described in section 2.8.

For Polyacrylamide gel electrophoresis, 0.2mg of protein in 

loading buffer (50pl) was boiled for 3 minutes prior to loading on 

to the gel with a Hamilton syringe.

2.7 Determination of Protein Molecular Mass

Calibration proteins in the range 21.5kd to 200kd (Amersham) 

were run simultaneously with unknown protein samples. A calibration 

plot of logio molecular mass against relative mobility (distance 

moved by the protein / distance moved by the tracking dye) was 

prepared for the standard proteins. This was then used to estimate 

the molecular mass of unknown proteins, A separate calibration plot 

was constructed for each gel.

2.8 Protein Assay

All protein assays were carried out using the Bio-Rad protein 

assay kit. A standard curve was prepared using known concentrations 

of bovine serum albumin (stock solution: lmg/ml). 1ml of Biorad

reagent was added to 0.5ml of each standard bovine serum albumin 

concentration and incubated at room temperature according to the 

manufacturer’s instructions. The optical density at 595 nm was read 

after 20 minutes and a calibration curve plotted of optical density 

against protein concentration (fig 14). Unknown protein samples were 

similarly assayed using the BioRad protein assay kit and the optical 

densities measured. From the standard curve the concentration of 

protein present in each sample was calculated.
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FIG. 14. CALIBRATION CURVE FOR PROTEIN CONCENTRATION
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2.9 Cell Fractionation: Separation of Cytoplasmic and

Membrane fractions (Spratt, 1977)

1000ml of an overnight culture in LB medium were centrifuged at 

6,000g for 10 minutes. Cells were resuspended in 8ml lOmM phosphate 

buffer (lOmM KH2P04/10mM K2HPO4 ) plus0.5% 2-mercaptoethanol. The 

cells were lysed using a French pressure cell (see section 2.6) and 

cell debris removed by centrifuging the lysate at 8,000g for 20 

minutes. The supernatant was carefully removed and centrifuged at 

40,000g for 60 minutes to pellet the membrane fraction. The 

supernatant, containing the cytoplasmic fraction was retained on 

ice. The membrane pellet was resuspended in 2ml ice cold lOmM 

phosphate buffer, recentrifuged at 40,000g for 60 minutes, and 

finally resuspended in 0.5ml lOmM phosphate buffer. A protein assay 

was performed on each sample as described in section 2.8. For 

Polyacrylamide gel electrophoresis, 0.2mg of protein in 50pl of 

loading buffer was boiled for 3 minutes prior to loading on to the 

gel with a Hamilton syringe.

2.10 Bacterial Con.iugation; Interrupted Mating Experiments

lml of an overnight culture of strain SA270 (Hfr donor) was 

subcultured into 10ml NB medium and incubated with gentle shaking at 

37°C for 1 hour. Similarly, lml AB1157 (recipient) was subcultured 

into 10ml NB medium and incubated with shaking at 37°C for 1 hour, 

at which point the cells were growing exponentially. 5ml AB1157 was 

then pipetted into a sterile 125ml conical flask and incubated with 

gentle shaking in a shaking water bath at 37°C. 5ml SA270 was added 

to the flask and 0.2ml of the mixture immediately withdrawn and 

vortexed vigorously. 0.1ml was plated on to a plate of NA containing'



25pg 8-methoxypsoralen/ml and 0.1ml plated on a selective minimal 

plate without histidine. All plates contained 25pg streptomycin/ml 

to avoid remating. Further samples were withdrawn after 

1,5,10,15,20,30,40 and 50 minutes, diluted as necessary, and plated 

on to 8-methoxypsoralen plates and selective minimal plates without 

histidine.

Samples spread on plates containing 8-methoxypsoralen were 

exposed to a dose of near ultraviolet light lethal to AB1157, but 

not to SA270. Plates were incubated for 12 hours at 37°C and the 

numbers of recombinants recorded. A mating curve was constructed for 

each gene locus, by plotting the number of recombinants obtained 

against the time of mating.

2.11 PI Transduction (Miller, 1972)

a. Preparation of lysates.

CaCl2 was added to an overnight culture in NB medium to a final 

concentration of 2mM. 0.5ml of the culture was placed in five 

sterile test tubes and incubated at 37°C in a water bath. After 15 

minutes incubation, 0.1ml of a phage lysate (titre: 2 x 108 pfu/ml) 

was added to each of four tubes. The fifth tube was left as a 

control. After a further 20 minutes incubation at 37°C, 4ml of soft 

top R-agar was added to each tube and the whole contents immediately 

poured on to separate, well-dried R plates. The plates were 

incubated at 37°C for 12 hours.

Following incubation,the plates that showed confluent lysis 

were retained and the soft agar scraped into a sterile centrifuge 

tube. 5ml NB medium was added and the contents vortexed vigorously
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for 30 seconds. Each centrifuge tube was allowed to stand at room 

temperature for 10 minutes, after which time the cell debris was 

removed by centrifuging at 5,000g for 10 minutes. The supernatant, 

containing phage PI, was transferred to a sterile Universal bottle 

and 10 drops of chloroform added. The lysate was mixed well and then 

recentrifuged at 5,000g to remove the chloroform and any remaining 

bacterial cell debris.

To avoid the necessity for titration, different dilutions of 

the phage lysate were used to transduce recipient cells.

b. Transduction with PI lysate.

5ml of a fresh overnight culture of the recipient strain was 

centrifuged and resuspended in 5ml 0.1M MgS04/0.005M CaCl2 . The 

culture was shaken vigorously at 37°C for 15 minutes. 0.1ml portions 

of recipient cells were then added to each of five sterile test 

tubes. PI lysate was added to each tube in the following dilutions’:-

Tube Cells (ml) Phage PI (ml)

1 0.1 0.1 undil.

2 0.1 0.1 10-1 dil.

3 0.1 0.1 10-2 dil.

4 0.1 0.1 10-3 dil.

5 0.1

A sixth tube containing 0.1ml of PI lysate but no cells was prepared 

as a second control.

Phage PI was preadsorbed by incubation for 20 minutes in a 37°C 

waterbath. 0.2ml 1M sodium citrate was then added to each tube to
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prevent readsorption and the entire contents of each tube plated on 

to selective plates. The plates were incubated at 37°C for up to 48 

hours.

2•12 Complementation Analysis

Over- night cultures of the donor KL711(F’) and recipient 

JH109(F-) in NB medium were subcultured 1:40 and 1:20 respectively 

into fresh NB and grown at 37°C until the donor had reached a 

density of 2xl08 cells/ml. A mating mixture was prepared by mixing 

0.5ml of each strain in a small sterile flask. The flask was placed 

on a shaker (30rpm) at 37°C for 60 minutes, after which various 

dilutions of the mixture were plated on to selective plates and 

incubated at 37°C, Partial diploids were screened for their PUVA 

phenotype as described in Chapter 5.

2.13 Insertion Mutagenesis

Two methods were employed to isolate a PUVA hyper-sensitive 

insertion mutant. Method 1 uses MudI(lacAp) phage; method 2 uses the 

PI::Tn5lac phage.

A. Method 1

(i) Preparation of Mudl(lacAp) lysate.

A 5ml culture of the Mudl(lacAp) lysogen (KT1087) was grown 

over night in LB broth at 30°C with shaking. 0.05ml of an overnight 

culture was subcultured into 10ml LB broth and incubated with 

shaking until the cells reached early log phase (~0.2 ODeoo). The 

culture was heat shocked for 20 minutes in a 42°C waterbath and then 

transferred to a shaking 37°C waterbath. Lysis of the cells was
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observed after approximately 2 hours. 0.1ml chloroform was added to 

the lysate and vortexed. The cell debris was pelleted by 

centrifugation at 4,500g for 10 minutes and the supernatant 

transferred to a sterile screw-top tube. The lysate could be briefly 

stored at 4°C, but was only used for one experiment since Mu lysates 

become inactive during long term storage at 4°C.

(ii) Transduction with Mudl(lacAp)

A 5ml LB culture of KL16 was grown overnight at 37°C. The 

culture was then centrifuged at 1500g for 10 minutes and the pellet 

resuspended in a 2.5ml lOmM MgS04 containing 5mM CaC12. The 

Mudl(lacAp) lysate was diluted to 10~2 and 10-3 in X  dil (see 

section 2.3). Four small test tubes were prepared as follows:-

Tube Cells (ml) Mudl(lacAp) (ml)

1 0.1 0.1 lO-2 dil.

2 0.1 0.1 lO"3 dil.

3 0.1 ___

4 ___ 0.1 undiluted lysate

The tubes were mixed and incubated for 20 minutes at 30°C 

without shaking. The samples were then spread on LB plates 

containing 25pg ampicillin/ml and incubated at 30°C for 12 hours. 

Colonies were replica^plated on to LB plates and plates containing 

25pg 8-methoxypsoralen/ml. The 8-methoxypsoralen plates were exposed 

to near ultraviolet light as described in section 2.4. 2000 colonies 

were tested and any which showed PUVA-sensitivity were further 

tested for their ultraviolet phenotype.
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B. Method 2

(i) Preparation of Pl::Tn5iac lysate. (Kroos & Kaiser, 1984)

An overnight culture of SF800 (PI::Tn51ac), grown at 30°C in LB 

broth plus 25pg kanamycin/ml, was subcultured (1:200 dilution) in 

fresh LB medium containing 25pg kanamycin/ml and lOOmM MgS04. The 

culture was grown, with shaking at 30°C, until it had reached a 

density of approximately 5 x 107 cells/ml. The cells were then heat 

shocked in a 50°C water bath for 20 minutes and subsequently 

transferred to a 37°C shaking water bath until the cells lysed. 

Lysis was difficult to observe, but usually occurred after about 2 

hours, lml chloroform was added to the culture and vortexed. Cell 

debris was removed by centrifugation at 5,000g for 15 minutes. The 

lysate was stored over a few drops of chloroform at 4°C, but was 

normally used as rapidly as possible.

(ii) Transduction with Pl::Tn51ac

A 10ml overnight culture of SA270 was centrifuged and 

resuspended in lml LB broth plus 5mM CaCl2 . 0.1ml of this culture 

was mixed with 0.1ml undiluted lysate and adsorbed for 30 minutes at 

37°C (adsorption at 37°C prevented lysogenisation of SA270 since 

Pl::Tn5lac is temperature-sensitive). 0.1ml 1M sodium citrate was 

then added and the cells plated out on to MacConkey plates 

containing 25pg kanamycin/ml. The plates were incubated for up to 2 

days at 37°C. Colonies were screened for their PUVA phenotype, with 

those that were PUVA hyper-sensitive being subsequently examined for 

their sensitivity to far ultraviolet light, 13-galactosidase activity 

was measured for the PUVA hyper-sensitive strains isolated, as 

described below.
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2.14 Assay for (3-galactosidase (Miller, 1972)

Cells were grown to late exponential phase in minimal medium 

(section 2.2), cooled on ice and the following assay performed. The 

cell density was measured using a spectrophotometer (Unicam, SP1700) 

at 600nm. lml of cells were put in a test tube and one drop of 

toluene added to partially disrupt the membrane and allow o- 

nitrophenyl-f3-D-galactoside (ONPG) to diffuse into the cell. 0.2ml 

of a stock solution of ONPG (4mg/ml) was added to the cells and the 

tube vortexed for a few seconds. The reaction was carefully timed 

following the addition of ONPG. After 10 minutes, or at a time when 

sufficient yellow colour had developed, the reaction was stopped by 

adding 0.5ml 1M Na2C03 solution.

The optical density of the assay mixture was measured at 420nm 

and 550nm. Using the following formula (Miller, 1972) the units of 

O-galactosidase (which are proportional to the increase in ODeoo per 

minute per bacterium) were calculated.

Units of 13-galactosidase = 1000 x OD420 -1.75 x ODsso

t x V x OD600

OD420 and OD550 = optical densities read from the

reaction mixture after incubation

ODeoo = cell density before assay 

t = time

V = volume of culture used in assay (lml)
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i2.15 Induction Experiments with Mitomycin C f

Strains to be induced were grown to exponential phase in 

minimal medium. Proteins were induced by incubating cells with 2pg 

mitomycin C/ml for 30 minutes (Finch et ai., 1985). Following 

exposure,cells were resuspended in NB. Viable counts were determined 

at this point. Cells were incubated at 37°C and 50ml samples 

withdrawn at 0,10,60 and 90 minutes. Cell lysates were prepared
|

using the French pressure cell method and protein extracts resolved I

on a 10% SDS-Polyacrylamide gel. Protein extract from a wild type 

KL16 strain was run simultaneously as a control. In some 

experiments (using KL16 with a Tn5lac insertion making it PUVA 

hyper-sensitive) induced cells were also assayed for B-galactosidase 

production (section 2.14). The amount of 13-galactosidase produced by 

induced cells was compared to that measured in uninduced cells. |

\

2

2.16 Uptake of Radiolabelled Psoralen into the Cell

Strains were grown at 37°C to an OD600 of 1.0. The cells were 

centrifuged, weighed and resuspended at a concentration of 1mg 

cells/ml of minimal medium lacking glucose. A lml aliquot of cells 4

was transferred to a vessel with a small magnetic stirrer and kept 

at 37°C. Radiolabelled 3H-8-methoxypsoralen was added to the cells 

at a final concentration of lOpM and a specific activity of 

29,000cpm/nmol (see Appendix I). lOOpl samples were removed at 

intervals and placed on nitrocellulose filters under vacuum using 

the apparatus shown in fig. 15, The cells were washed with minimal 

medium (without glucose) to remove free 3H-8-methoxypsoralen not 

taken up by the cells. The nitrocellulose filters were air dried and 

then dissolved in lml 2-ethoxyethanol in a scintillation vial.
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Scintillation fluid (9ml) was added and the amount of radioactivity 

contained on the filter measured.

To measure the amount of 3H-8-methoxypsoralen in spheroplasted 

cells, 0.1ml cultures containing lnmol 3H-8-methoxypsoralen were 

treated with 5pl lysozyme (2rag/ml) and 0.2ml 1.5mM EDTA in an 

eppendorf tube followed by centrifugation at high speed for 1 minute 

in a microcentrifuge (MSE) to separate the cells from the

periplasmic contents. The spheroplasts were lysed by adding 0.5ml 

ice cold water and the amount of radioactivity measured. The amount 

of radiolabel contained in whole cells was measured in the same way 

to serve as a control.
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2.17 Large Scale Isolation of ColEl Plasmid DNA (Maniatis et al., 

1982)

(i) Solutions used in preparation of colEl plasmid DNA

STE 0.1M NaCl

lOmM Tris-HCl pH 7.8 

1 mM EDTA

Solution I 50mM Glucose

25mM Tris-HCl pH 8.0 

lOmM EDTA

Solution II 0.2N NaOH

1% SDS

5M Potassium acetate

60ml 5M Potassium acetate

11.5ml Glacial acetic acid 

28.5ml Distilled water

TE buffer lOmM Tris-HCl pH 8.0

ImM EDTA

(ii) Growth of bacteria and amplification of the plasmid

10ml LB medium was inoculated with strain W3110 carrying the 

colEl plasmid. The culture was incubated overnight at 37°C with 

vigorous shaking. 0.1ml of the overnight culture was subcultured 

in 25ml LB medium and incubated at 37°C, again with vigorous 

shaking, until the culture reached late log phase (OD600 = 0.6). The 

25ml culture was then inoculated into 500ml LB medium (prewarmed to 

37°C) and incubated with shaking for exactly 2.5 hours. 2.5ml of a

!
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chloramphenicol stock solution (34mg/ml ethanol) was added to the 

culture to give a final concentration of 179pg chloramphenicol/ml. 

The culture was then incubated at 37°C with shaking for 12 hours.

(iii) Lysis of bacteria

The 500ml overnight culture was centrifuged at 5,000g for 10 

minutes and the cells resuspended in 50ml ice cold STE. The cells 

were recentrifuged at 5,000g for 10 minutes and resuspended in 10ml 

solution 1 containing 5mg lysozyme/ml (added just before use). The 

solution was allowed to stand at room temperature for 5 minutes.

10ml of solution II was then added to the resuspended cells and the 

tube contents mixed and incubated on ice for 10 minutes. 15ml of an 

ice cold 5M potassium acetate solution (pH 4.8) was added and the

contents of the tube mixed vigorously. The mixture was allowed to

stand on ice for 10 minutes.

The mixture was centrifuged at 20,000g for 20 minutes to

remove chromosomal DNA and debris. The supernatant was removed, 

mixed with 0.6x the volume of isopropanol, and left to stand at room 

temperature for 15 minutes. The plasmid DNA was recovered by 

centrifugation at 12,000g for 30 minutes at room temperature. The 

DNA pellet was washed with 70% ethanol and dried in a vacuum 

desiccator for 1 hour. The pellet was dissolved in 8ml TE buffer.

(iv) Purification of plasmid DNA by centrifugation on a caesium 

chloride gradient.

The plasmid DNA was purified on a caesium chloride gradient as 

described by Maniatis et al. (1982). Centrifugation was carried out 

in a Beckman Ultra centrifuge using a Beckman vertical rotor at
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45,000 rpm for 36 hours at 20°C. Plasmid DNA was recovered using a 

hypodermic needle and the ethidium bromide removed by dialysis. 

RNase (O.'lpg/pl) was added to the DNA and incubated at 37°C for 1 

hour to remove RNA from the plasmid preparation. The plasmid DNA was 

precipitated with an equal volume of isopropanol and recovered by 

centrifugation as described above. The pellet was washed with 70%

ethanol and dried in a vacuum desiccator for 1 hour. The plasmid DNA

was then dissolved in TE buffer to a final concentration of 200 

pg/ml and stored at -20°C.

2.18 Agarose Gel Electrophoresis

Agarose gel electrophoresis was carried out using a mini-sub 

cell unit (BioRad U.K.). 0,7% agarose gels were made using agarose 

(Sigma, electrophoresis grade) dissolved in TBE buffer. Following 

melting of the agarose and cooling to 50°C, ethidium bromide was 

added to a final concentration of 0.5 pg/ml and the agarose poured 

into the gel mold. Once the gel had completely set the comb was 

removed and electrophoresis buffer added to just cover the gel. 

Samples of DNA in a loading buffer were loaded into the slots of the 

submerged gel and electrophoresed for approximately 1 hour at 120V

constant voltage. Once the dye front had migrated almost the full

length of the gel, the DNA bands were observed using an ultraviolet 

transilluminator. (UVA-Products)
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Solutions used in agarose gel electrophoresis.

TBE buffer (5x concentrate)

Tris Base 54g

Boric acid 27.5g

0.5 EDTA (pH 8.0) 20ml

Made up to 1000ml with distilled water

Loading buffer

0.25% Bromophenol blue 

0.25% Xylene cyanol

30% Glycerol in distilled water

2.19 Assay for Nuclease Activity (Methods adapted from Seeberg, 

1981)

(i) Covalently closed circular ColEl plasmid DNA was used as a

substrate. The DNA was purified as described in section 2.17. PUVA

damaged DNA was prepared by adding 25pg of 8-methoxypsoralen to

lOOpg of DNA dissolved in lml TE buffer. The mixture was exposed to 
-220J m near ultraviolet light.

- 79 -



Reaction mixtures for assaying nuclease activity contained:

2mmoles ATP

0.8pg GolEl DNA (either damaged or undamaged)

5pmoles MOPS (pH 7.7) 

lOpmoles KC1 

2ptmoles MgS04 

O.lpmole EDTA 

0.1pmo1e dithiothreitol

lOpl total protein extract (lOOpg of protein)

in a total volume of 50pl

The samples were incubated in a water bath at 37°C and 5pl 

samples removed at timed intervals. These were mixed with 3pl of 

loading buffer (section 2.18), loaded on to a 0.7% agarose gel, and 

electrophoresed at 120 volts for approximately 1 hour. DNA was 

observed using an ultraviolet transilluminator.

(ii) A second method employing linear DNA was also used. For this 

method, PUVA damaged A  DNA was prepared by adding 25pg 8- 

methoxypsoralen to lOOpg of DNA dissolved in lml TE buffer. (XDNA 

was obtained from Pharmacia). The mixture was exposed to near 

ultraviolet light as described above.
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Reaction mixtures for assaying nuclease activity contained:

2mmoles ATP

0.8pg XDNA (either damaged or undamaged)

5pmoles MOP (pH 7.7) 

lOpmoles KC1 

2pmoles MgS04 

O.lpmole EDTA 

0.1pmo1e dithiothreitol

10pl total protein extract (lOOpg of protein)

in a total volume of 50pl

The mixture was incubated in a water bath at 37°C for a timed 

period. 5pl samples were removed and mixed with 3pl loading buffer 

(section 2,18). The samples were loaded on to a 0.7% agarose gel and 

electrophoresed at 120 volts for approximately 1 hour. DNA was 

observed using an ultraviolet transilluminator.

In some experiments^reactions with DNA were carried out in TE 

buffer alone.

2.20 Radiolabelling of X DNA with 3H-8-methoxypsoralen

In order to determine whether psoralen was binding to XDNA, 

3H-8~methoxypsoralen was added to the X  DNA prior to incubation with 

near ultraviolet light (section 2.19). The final concentration of 

8-methoxypsoralen in the incubation mixture was IOjuM (see 

Appendix I for calculations)

XDNA labelled with 3H-8-methoxypsoralen was used in the 

experiment described in section 2.19. Following electrophoresis of



XDNA treated with protein extracts, the gel was incubated for 15 

minutes in amplifier (Amplify, Amersham). The gel was thendried on 

to card using a gel dryer (BioRad U.K.) and the card exposed to 

Amersham Hyper film for 3 to 5 days at -70°C. The film was developed 

and fixed using Kodak LX24 developer and Kodak FX40 fixer.

2.21 Protein Purification using FPLC

Crude cell extracts of strains SA270 and KL16 were first 

prepared as described in section 2.6 and total protein assayed as 

described in section 2.8. Total protein extracts were freeze dried 

(Edwards Model EF03) and resuspended in elution buffer at a final 

concentration of 80mg/ml when required. Gel filtration was then used 

to separate proteins according to their molecular mass, followed by 

ion exchange chromatography to separate proteins according to their 

charge. Both Superose 12 and MonoQ columns used in the purification 

of the 55kd protein were packed according to the manufacturers’ 

instructions.

(i) Gel filtration using the Superose 12 column (Pharmacia)

The Superose 12 column, used for separating proteins according 

to their molecular mass was calibrated using a mixture of proteins 

of known molecular mass. The column was equilibrated overnight with 

20mM phosphate buffer (20mM K2HP04:20mM KH2PO4 ) pH 7.1. This buffer 

was also subsequently used as the eluent in the experiment. 200pl of 

the standard protein mixture (at a concentration of lOmg/ml) was 

applied to the column and the proteins separated according to their 

molecular mass- An ultraviolet light protein detector (Pharmacia) 

linked to an integrator was used to monitor the elution of each 

protein and, by using the trace produced (fig. 57 Appendix I), the
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retention time of each protein could be calculated as described in 

Appendix I.

In order to purify the 55kd protein over-expressed in strain 

SA270, a total protein cell extract was resuspended in 20mM 

phosphate elution buffer at a final concentration of 80mg/ml. 200pl 

of protein sample was loaded on to the Superose 12 column and the 

0.5ml fractions collected every minute and retained on ice. Those 

fractions containing proteins of an estimated molecular mass range 

of lOkd to lOOkd were pooled and freeze dried. This procedure was 

repeated with KL16 total protein extract. Samples of pooled protein 

extracts were examined for the presence of the 55kd protein using 

SDS-Polyacrylamide gel electrophoresis.

(ii) High resolution ion exchange

A MonoQ HR 5/5 anion exchange column (Pharmacia) was 

equilibrated overnight with 50mM Tris-HCl (pH 7.5). Pooled protein 

fractions from gel filtration were resuspended in 50mM Tris-HCl (pH 

7.4) at a final concentration of 90pg/ml. 200pl of sample was loaded 

on to the column and separated using a sodium chloride gradient 

(fig. 59 Appendix I). 0.5ml fractions were collected every minute 

and retained on ice. Using the ultraviolet monitor and integrated 

protein scan profiles, eluted proteins from KL16 and SA270 were 

compared. Protein fractions of interest were electrophoresed using a 

10% SDS-Polyacrylamide gel.
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3.1 Background

SA270, a mutant strain of E.coli K12, is more resistant to 8- 

methoxypsoralen plus near ultraviolet light (PUVA) than its parent 

wild type strain KL16 (Ahmad & Holland, 1985). In contrast, both 

strains were equally sensitive to far ultraviolet light (~254nm), 

which is a monofunctional damaging agent producing cyclobutane 

pyrimidine dimers in one strand of DNA. This Chapter describes 

studies carried out using strains SA270 and KL16 in order to 

determine whether SA270 was also resistant to other known 

crosslinking agents such as mitomycin C, mechloroethamine HC1 

(nitrogen mustard) and platosin. The sensitivity of strains SA270 

and KL16 to other monofunctional DNA damaging agents was also 

determined. In addition Polyacrylamide gel electrophoresis of total 

protein extracts from SA270 and KL16 was performed in order to 

confirm the over-expression of the 55kd protein observed by Ahmad & 

Holland (1985) in strain SA270 and to determine the location of the 

protein within the cell.

Strains SA270 and KL16 were first exposed to a range of DNA 

damaging agents using the disc sensitivity method described in 

section 2.4. Treatments involving ultraviolet light irradiation were 

carried out using the method described in section 2.4. A range of 

DNA damaging agents causing both single strand damage and 

crosslinking damage were chosen for the tests.

3 > 2 Sensitivity of SA270 and KL16 to monofunctional DNA 

damaging agents

The sensitivity of SA270 and KL16 to the monofunctional 

damaging agents N-methyl-N’-nitro-N-nitrosoguanidine, ethylmethane
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sulphonate, methyl methane sulphonate, far ultraviolet light 

(~254nm) and near ultraviolet light (~360nm) was determined using 

the disc sensitivity method and the plate exposure method 

(section 2.4). For each DNA damaging agent the zone of inhibition 

was measured around the antibiotic assay disc. For far ultraviolet 

light and near ultraviolet light exposure, the dose in Jm~2 at which 

the cells were killed was recorded. Strain SA270 was as sensitive as 

its parent wild type strain, KL16, towards N-methyl-N’-nitro-N- 

nitrosoguanidine, ethylmethane sulphonate and methyl methane 

sulphonate (table 3) * In the dose givent SA270 was as sensitive to 

far and near ultraviolet light as KL16 (fig. 16) . This result was 

confirmed quantitatively by measuring the percentage survival of 

SA270 and KL16 following exposure to an increasing dose of far 

ultraviolet light (fig. 17) and near ultraviolet light (fig.18).
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Table 3

Sensitivity of SA270 and KL16 towards DNA alkylating agents

Mean zone of inhibition (mm)

DNA damaging agent SA270 KL16

Nitrosoguanidine 
(lmg/ml)

18 17

Ethyl methane sulphonate 16 15

Methyl methane sulphonate 23 24
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FIG.16. SENSITIVITY OF SA270 AND KLl6 TOWARDS FAR AND
NEAR ULTRAVIOLET LIGHT USING THE PLATE EXPOSURE 
METHOD.
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3.3 Sensitivity of SA270 and KL16 to DNA crosslinking agents
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In their previous study, Ahmad & Holland (1985) tested the I
?
$sensitivity of strain SA270 towards PUVA. Compared to KL16, SA270 

was found to be more resistant exclusively to PUVA. In order to 

confirm this result the PUVA hyper-resistant phenotype was first

tested using the plate exposure method (section 2.4) with the result 4
4

shown in fig. 19. The PUVA phenotype of SA270 and KL16 was then j

examined in more detail by producing a survival curve of each strain 

against 25pg 8-methoxypsoralen/ml plus an increasing dose of near 

ultraviolet light (fig. 20). Three other known DNA crosslinking 

agents, mitomycin C, mechloroethamine HC1 (nitrogen mustard) and 

platosin were also tested against strain SA270 using the disc f

sensitivity test. SA270 showed resistance to mitomycin C and |

nitrogen mustard compared to wild type KL16 but the two strains

showed equal resistance to platosin (table 4). Survival curves of %
1strains SA270 and KL16, following exposure to mitomycin C (50pg/ml) §
'¥

or nitrogen mustard (50pg/ml) for 0, 5, 10 and 15 minutes confirmed ft|
i|that SA270 also had a hyper-resistant phenotype for these DNA ?

crosslinking agents (fig. 21).
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FIG. 19. SENSITIVITY OF SA270 AND KLl6 TOWARDS PUVA 
MEASURED USING THE PLATE EXPOSURE METHOD.
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Table 4

Sensitivity of SA270 and KL16 towards DNA crosslinking agents

DNA damaging agent

Mean zone of 

SA270

inhibition (mm) 

KL16

Mitomycin C 
(50ug/ml)

21 28

Nitrogen mustard 
(50ug/ml)

10 25

Platosin 
(50ug/ml)

12 12

1

.i'f

%



1
0

0

-o

|BA|Ajn$ )ueojdd

0>3.8
X)k -
<0t-t
V)3
2
c
o
Ui
O

z
o
"DO</)oa
><<D
toc

vf>

to O

O

IBAlAjnS ̂UBDJOcJ

co
H



3.4 Sensitivity of SA270 and KL16 to hydrogen peroxide

In a disc sensitivity test SA270 appeared to be slightly more 

resistant to hydrogen peroxide than KL16. However, a survival curve 

for SA270 and KL16 following 10 minutes exposure to varying 

concentrations of hydrogen peroxide indicated that both strains were 

equally sensitive to this damaging agent (fig. 22).

The synergistic killing effect of near ultraviolet light plus 

hydrogen peroxide has been observed previously. Hartman & Eisenstark 

(1978) demonstrated that the number of single strand breaks formed 

in the DNA of wild type E.coli irradiated with near ultraviolet 

light, following exposure to hydrogen peroxide, was greater than the 

sum of single strand breaks caused by near ultraviolet light and 

hydrogen peroxide independently. SA270 was no more resistant to the 

damaging effects caused by near ultraviolet light plus hydrogen 

peroxide than its wild type parent strain KL16 (fig. 23).
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3.5 Sensitivity of SA270 and KL16 to far ultraviolet light 

before and after exposure to near ultraviolet light

E.coli photolyase catalyses the light dependent repair of 

pyrimidine dimers induced in DNA by far ultraviolet light. The 

enzyme had an estimated molecular weight of 53,994d (Sancar &

Sancar, 1988), similar to that of the over-expressed protein in 

strain SA270. In order to determine whether or not the 55kd over­

expressed protein was photolyase, strains SA270 and KL16 were first 

irradiated with far ultraviolet light followed by exposure to near 

ultraviolet light. Results showed that the percentage survival of 
strains SA270 and KL16, following far ultraviolet light irradiation 

was equal after a dose of 600Jm_2. Following subsequent irradiation 

with near ultraviolet light, the percentage survival increased at 

the same rate for both strains (fig. 24), demonstrating that SA270 

does not have a greater capacity for removing pyrimidine dimers due 

to over-expression of the 55kd protein, which is therefore not 
showing photolyase activity*
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3.6 SDS-Polvacrylamide gel electrophoresis studies

SDS-Polyacrylamide gel electrophoresis studies of total protein 

cell extracts of strains KL16 and SA270 confirmed that the mutant 

strain was producing a protein of 55kd molecular

weight in higher concentrations than the wild type parent strain

KL16 (fig. 25).

3.7 Location of the 55kd protein in the E.coli cell

An experiment designed to isolate the membrane fraction 

(containing both inner and outer membrane proteins) from the 

cytoplasmic membrane fraction (Spratt, 1977 section 2.9), was 

carried out to determine the position of the 55kd protein in the 

bacterial cell. SDS-Polyacrylamide gel electrophoresis of the 

cytoplasmic and membrane fractions of SA270 showed that the protein

was located in the cytoplasmic fraction(fig. 26).
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3.8 Discussion

The results in this Chapter confirmed that strain SA270 was 

hyper-resistant to PUVA and also demonstrated its resistance towards 

the DNA crosslinking agents mitomycin C and nitrogen mustard. SA270 

showed wild type sensitivity to all other DNA damaging agents to 

which it was exposed.

Mitomycin C is an anti-bacterial and anti-neoplastic agent used 

in chemotherapy that reacts with DNA in a similar way to psoralens 

in that it is able to form DNA interstrand crosslinks (Iyer & 

Szybalski, 1963). Unlike psoralens, mitomycin C does not require 

near ultraviolet light to form DNA diadducts. Enzyme catalysed 

chemical reduction of the mitomycin C molecule is however necessary 

for the formation of crosslinks (fig. 27). These occur mainly 

between guanine and cytosine bases. Nitrogen

mustard is a bifunctional alkylator capable of producing interstrand 

DNA crosslinks, and, as with mitomycin C does not require near 

ultraviolet light to form DNA diadducts. Approximately 4% of the 

nitrogen mustard molecules bound to DNA form interstrand crosslinks, 

mainly between the N7 positions of guanine molecules on opposite DNA 

strands (fig. 28) (Kohn et al., 1966),
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The repair of DNA interstrand crosslinks formed by mitomycin C 

and nitrogen mustard in E.coli proceeds via the excision and post- 

replication repair process. Both of these mutagenic agents are 

known to induce the SOS response in E.coli (Fram et al., 1986), It 

is also known that recA and uvrA mutant strains are rendered 

extremely sensitive to both mitomycin C and nitrogen mustard (Fram 

et al., 1986). The hyper-resistance of SA270 to these agents 

therefore suggests that a mutation(s) directly or indirectly 

involved in repairing DNA damaged by interstrand crosslinking agents 

is carried by this strain. Polyacrylamide gel electrophoresis of 

total cell protein from SA270 confirmed the existence of the over­

expressed 55kd protein observed by Ahmad & Holland (1985). These 

authors assumed that enhanced production of this protein in SA270 

was responsible for the increased resistance of the cell towards 

PUVA. The evidence in this Chapter now suggests that this protein is 

not involved solely in the repair of 8-methoxypsoralen induced 

diadducts, but that it is also concerned in the repair of crosslinks 

produced by mitomycin C and nitrogen mustard. Ahmad & Holland (1985) 

also suggested that the 55kd protein may be a double-strand-specific 

endonuclease; results in this Chapter suggest that, if this is the 

case, the protein probably recognises the distortion to DNA produced 

by the bulky adduct rather than the actual chemical conformation of 

the crosslink, since this is different depending on the type of 

crosslinking agent used.

Platosin is a bifunctional DNA damaging agent which covalently 

binds to DNA primarily at the N7 positions of two guanine bases in 

two opposite strands (Eastman, 1983). A current model for the DNA 

binding mechanism of platosin postulates a two-step reaction between
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the platinum compound and DNA. First, biavalent fixation at N7 

(guanine) and 06 (guanine) produces a mutagenic, metastable

intermediate; second, a slower reaction forms toxic DNA interstrand

crosslinks by fixation at the N7 position of a second purine base

(Marquet et al., 1983).

The wild type sensitivity of strain SA270 towards platosin was 

interesting, but not altogether surprising, since Roberts & Pascoe 

(1972) demonstrated that the formation of platosin crosslinks in DNA 

was a much rarer event than the formation of crosslinks by 8- 

methoxypsoralen, mitomycin C or nitrogen mustard. Perhaps more 

interestingly, it has been reported that the excision repair 

process, which plays an integral part in the removal of crosslinks, 

contributes very little to the repair of platosin crosslinks 

(Roberts & Thompson, 1979). Robins et al. (1983) reported that the 

adaptive response enzyme, 06-methyltransferase, which is induced in 

E.coli by the exposure of cells to low concentrations of alkylating 

agent, can prevent formation of interstrand crosslinks as well as 

removing 06-(guanine) alkyl lesions. These authors proposed that the 

enzyme acts by removing the alkyl group that is temporarily fixed to 

the 06-guanine as an intermediate of the platosin DNA crosslinking 

reaction. In contrast, Germanier et al. (1984) reported the 

existence of a repair mechanism for platosin-DNA lesions which was 

independent of the adaptive response and the excision repair 

response. One interpretation of the wild type sensitivity of SA270 

towards platosin is that the resistance of SA270 to PUVA, 

mitomycin C and nitrogen mustard is due to an enhanced repair 

mechanism, either in excision or recombination repair. 

Alternatively, since interstrand crosslinking by platosin is not
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considered to be an important event in vivo, the extent of diadduct 

formation in this study may therefore have been very low. 

Consequently the observed zone of inhibition may have been caused by 

other cytotoxic events, besides DNA crosslinking, which occurred to 

the same extent in both SA270 and KL16.

In their original study Ahmad & Holland (1985) showed that 

strain SA270 remained as sensitive to far ultraviolet light as the 

parent wild type strain KL16, Results in this Chapter have shown 

that SA270 is similarly no more resistant to a wide range of 

monofunctional and single strand DNA damaging agents than wild type 

KL16. Alkylating agents such as N-methyl-N’nitro-N-nitrosoguanidine, 

ethyl methane sulphonate and methyl methane sulphonate all cause 

raethylation to DNA bases in E.coli. Damage of this kind is subjected 

to error prone repair and mismatch repair, two mechanisms giving 

rise to mutagenesis. Since SA270 is no more resistant to alkylating 

agents than its parent strain KL16, it can be suggested that it do<5s 

not have an enhanced error prone or mismatch repair mechanism.

It also seems unlikely that the PUVA hyper-resistance of SA270, 

apparently conferred by over-expression of the 55kd protein, is due 

to enhanced efficiency of the excision repair pathway, since results 

in this Chapter showed that SA270 was as sensitive to far 

ultraviolet light and near ultraviolet light as wild type KL16. Far 

and near ultraviolet irradiation produces pyrimidine dimers which, 

in turn, are repaired by the exicision repair mechanism. Studies by 

Webb & Brown (1982) showed that near ultraviolet light can produce 

cyclopyrimidine dimers in sufficient yield to account for many of 

the biological effects, such as mutagenesis, that are observed in 

E.coli following irradiation. However, even cells with uvrA mutations
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have a great capacity to repair near ultraviolet light induced 

cyclobutane dimers; consequently the contribution of dimers to cell 

death is, even at high doses, below the limits of detection (Webb &

Brown, 1982). These observations would account for the result 

obtained in this study which showed that a much higher dose of near 

ultraviolet light than far ultraviolet light was needed to kill 

strains KL16 and SA270.

At this point it is interesting to note that when strains SA270 

and KL16 were exposed to N-methyl-N’nitro-N-nitrosoguanidine, ethyl 

methane sulphonate or methyl methane sulphonate in the disc 

sensitivity test, an inner zone of very slight growth was observed 

for each strain. This may result from induction of the adaptive 

response, following exposure of E.coli to low concentrations of 

these alkylating agents (Jeggo et al., 1977).

Near ultraviolet light combined with other agents can also have 

a variety of indirect effects on DNA. Hydrogen peroxide is a 

photosensitiser which becomes excited following absorption of 

photons of near ultraviolet light, and it has been shown that

near ultraviolet light irradiation of L-tryptophan yields hydrogen peroxide 

(Ananthaswamy & Eisenstark, 1979). Many research groups have noted 

single strand breaks produced following irradiation with near 

ultraviolet light (Tyrrell et al., 1974). In every case the 

induction of single strand breaks was shown to have a substantial 

oxygen requirement. Hydrogen peroxide and hydrogen peroxide plus 

near ultraviolet light cause single strand breaks in DNA (see 

Appendix II D), probably due to the hydroxyl radical OH* produced 

when hydrogen peroxide reacts with ferrous ions attached to DNA 

(Mello-Filhi et al., 1984).
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Hagensee & Moses (1989) proposed that damage 

caused by hydrogen peroxide and hydrogen peroxide plus near 

ultraviolet light induces a repair response involving DNA 

polymerase I and DNA ligase. They also proposed that damage could be 

repaired by two mechanisms: one pathway utilises DNA polymerase I, 

probably with the aid of other unknown components; the other uses 

exonuclease III, polymerase III and polymerase I. Strain SA270 was 

equally sensitive to hydrogen peroxide and hydrogen peroxide plus 

near ultraviolet light as its parent wild type strain KL16, thereby 

suggesting that the mutant was unable to repair single strand breaks 

any more efficiently than the wild type strain KL16. It is also 

important to note that Hagensee & Moses (1989) proposed that there 

was no direct role for the RecA protein in repairing hydrogen 

peroxide induced DNA damage, while in contrast, Ahmad & Holland 

(1985) suggested that a functional recA gene was required for over­

expression of the 55kd protein. Combined with the results in this 

Chapter, these observations indicate that repair of PUVA-induced DNA 

damage in SA270 is not more efficient due to an enhanced single 

strand break repair mechanism.

In summary, compared to the wild type parent strain KL16, SA270 

is hyper-resistant to the DNA interstrand crosslinking agents 

mitomycin C and nitrogen mustard as well as 8-methoxypsoralen. 

However, SA270 shows wild type sensitivity to monofunctionalDNA 

damaging agents and agents producing single strand breaks in DNA. 

Over-expression of the 55kd protein in strain SA270 may therefore



play a significant role in crosslink repair, but does not seem to 

have any function in general excision repair of single strand damage 

in either the repair of secondary lesions formed as a result of 

dimer removal, in mismatch repair of damage caused by alkylating 

agents or in repair of DNA single strand breaks. Although it seems 

likely that the role of this protein is not directly concerned with 

controlling cell permeability to 8-methoxypsoralen (Ahmad & Holland, 

1985) or similar molecules, a possible functioncould include a role 

as a DNA binding protein, perhaps influencing the degree of drug 

intercalation (Hansen, 1982). Alternatively the protein may act as a 

specific repair enzyme independent of the UvrABC mediated pathway of 

repair for DNA crosslinks. The following Chapters document genetic 

and biochemical studies designed to investigate the precise role of 

the 55kd protein in the repair of DNA damage induced by crosslinking 

agents.
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4.1 Background

Several previous studies have indicated the possible 

involvement of penetration barriers in the determination of psoralen 

resistance. It was suggested by Bridges & Mottershead (1979) that 

differences in the DNA accessibility of bacteria might account for 

large differences in sensitivity between strains. Hansen (1982) 

considered that the cell envelope of some strains might form a 

permeability barrier to psoralens and therefore limit the amount of 

photo-induced psoralen damage. A mutation in E.coli (designated 

acrA) has been shown to confer PUVA sensitivity as a result of an 

alteration in the environment of the cellular DNA that allowed 

increased interaction and photobinding of psoralen (Hansen, 1982).

In order to investigate whether the PUVA hyper-resistant strain 

SA270 had developed a mechanism by which it could either directly or 

indirectly control uptake of 8-methoxypsoralen into the cell, a 

series of experiments were designed to compare the rate of uptake of 

3H-8-methoxypsoralen into SA270 and the wild type strain KL16. These 

experiments aimed to determine whether strain SA270 had developed a 

permeability barrier to psoralens which limited the uptake of the 

molecules and consequently rendered the cell resistant to PUVA 

treatment. The apparatus used in these experiments (fig. 15) was 

specially designed to enable radioactivity measurements to be taken 

for bacterial cells only.

4.2 Uptake of 3H-8-methoxypsoralen by whole cells of SA270 

and KL16

Table 5 shows the typical results of three experiments designed 

to measure the relative amounts of 8-methoxypsoralen absorbed by the
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resistant mutant SA270 and the wild type strain KL16. No repeatable 

differences were observed and it seemed that 3H-8-methoxypsoralen 

was absorbed by strains SA270 and KL16 with the same efficiency. 

This suggested that the resistance of SA270 to DNA crosslinking 

agents was not due to an increased outer permeability barrier. 

Uptake of psoralen by the cells was very rapid and it was possible 

to calculate from the results that between 33% and 50% of the total 

amount of 8-methoxypsoralen added to the incubation mixture (3.3 to 

5.0nmol out of lOnmol added) was taken up by the whole cells. It 

is important to emphasise that this amount also included any 8- 

methoxypsoralen molecules bound to the cell surface.
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Table 5

Relative amounts of 3H-8-methoxypsoralen absorbed by whole cells 

of SA270 and KL16 over a known time course.

Expt 1

Expt 2

Expt 3

Between 
added to

Time(minutes) KL16 counts 
per minute

SA270 counts 
per minute

1 9582 6637
2 12271 11732
5 9580 12041
7 11691 11116

10 7982 11003

Time(seconds) KL16 counts 
per minute

SA270 counts 
per minute

15 11949 10568
30 11926 11494
45 12560 11414
60 10343 12723

300 12604 13185
600 11306 14403
900 10878 14779
1200 11040 14163

Time(seconds) KL16 counts 
per minute

SA270 counts 
per minute

5 12638 11505
10 12925 12106
15 12941 13368
20 11872 12798
25 14248 13151
30 12631 14258
35 12331 13964
40 13847 13733
50 13345 12025
60 13871 13629

33% and 50% of the total amount of 3H-8-methoxypsoralen 
the incubation mixture was absorbed by the whole cells.

- 116 -



4.3 Distribution of radiolabelled psoralen

Previous studies have observed that 8-methoxypsoralen may bind 

to the outside of the bacterial cell or remain in the cell envelope. 

It is therefore possible that SA270 may protect its DNA from 

psoralen photobinding by limiting the uptake of 8-methoxypsoralen 

across the inner cell membrane. Following fractionation of the 

bacterial cells, the amount of 3H-8-methoxypsoralen present in the 

cytoplasmic fraction was only 5% of the total amount of 3H-8- 

methoxypsoralen measured for the whole cell (Table 6). This amount 

represented only 0.2nmol of 3H-8-methoxypsoralen in lg 

of cells, compared with approximately 4.8nmol absorbed by lg of 

whole cells, with the remaining 95% presumably contained within the 

envelope fraction, including the periplasm, or bound to the outer 

cell wall. Nevertheless, no significant difference was observed 

between cells of SA270 and KL16. It was therefore concluded that 

reduced penetration into the cytoplasmic fraction was not a 

significant factor in the PUVA resistance of SA270.

All calculations performed in this study are shown in 

Appendix I.
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Table 6

Relative amounts of 3H-8-methoxypsoralen contained within the 

cytoplasmic fractions of KL16 and SA270 (Time of 

incubation = 5 minutes).

mean value

KL16 whole cells 
counts per minute

KL16 cytoplasmic fraction 
counts per minute

12313 609
12847 672
12436 662

12532 626

The amount of 3H~8-methoxypsoralen contained within the cytoplasmic 
fraction of KL16 after 5 minutes incubation was 5.1% of the total 
amount of label contained within the whole cell.

mean value

SA270 whole cells 
counts per minute

SA270 cytoplasmic fraction 
counts per minute

12362 692
11988 538
12485 612

12278 614

The amount of 3H-8-methoxypsoralen contained within the cytoplasmic 
fraction of SA270 after 5 minutes incubation was 5% of the total 
amount of label contained within the whole cell.
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4.4 Discussion

The results in this Chapter indicated that resistance of SA270 

to PUVA was not due to a lack of ability by the cell to take up 

psoralen across the cell envelope. It is clear from the results of 

the 3H-8-methoxypsoralen uptake experiment that the compound can 

enter the cells of strain SA270 with an efficiency similar to that 

of the wild type strain KL16. There was no evidence to suggest that 

strain SA270 had developed a mechanism whereby psoralen was actively 

pumped out of the cell in a similar manner to that seen in E.coli 

for efflux of tetracycline (Levy, 1984).

Psoralens accumulate in the bacterial cell very quickly, 

probably by simple diffusion through the outer membrane. In 

contrast, D ’all Acqua (personal communication) has proposed that 

uptake of psoralen molecules across the inner membrane may be 

controlled by an active uptake mechanism. The results in this 

Chapter demonstrated that only a very small amount of psoralen was 

present in the cytoplasmic fraction, which, of course, also includes 

those molecules which may be caught up in the lipopolysaccharide web 

of the outer membrane or bound to membrane proteins or lipids (see 

section 1.4). The amount of radioactivity measured in the 

spheroplasted cells was essentially the same for both SA270 and 

KL16.

The studies of psoralen uptake and penetration into the cell 

described in this Chapter produced results similar to those of 

Pathak & Kramer (1969). These authors showed that only a small 

portion of the total psoralen taken up by mammalian epithelial cells 

was recovered in the cytoplasmic fraction. From the results obtained
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in this Chapter it seems unlikely that the PUVA resistance of strain 

SA270 can be attributed to a permeability change in the cell 

envelope; however it is important to note that it could conceivably 

be the immediate environment of the cellular DNA which is altered by 

over-expression of the 55kd protein. Binding of psoralens has been 

shown to be influenced by the presence of DNA binding proteins which 

can hinder access to the DNA (Weishahn et al. , 1977). Similarly, 

over-expression of the 55kd protein could also affect psoralen 

binding. A possible relationship of this type was reported by Hansen 

(1982), who showed that an acrA mutant strain of E.coli was hyper­

sensitive to PUVA due to increased photobinding of radiolabelled 

psoralen.

It was concluded from the experiments described in this Chapter 

that the 55kd protein is not involved in controlling psoralen uptake 

into the bacterial cell, although a possible role as a protein 

affecting the immediate environment of cellular DNA cannot be 

dismissed at this stage.

The following Chapters describe genetic experiments designed to 

map the SA270 gene(s) involved in PUVA-resistance and to investigate 

the possible interaction of the PUVA-resistance mutation(s) 

contained in SA270 with other known DNA repair genes. In this way it 

was hoped to investigate an additional possibility: that over­

expression of the 55kd protein results in enhancement of an already 

existing DNA repair mechanism.
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5.1 Background

This Chapter describes experiments designed to map the position 

of the gene(s) responsible for the PUVA hyper-resistant phenotype of 

strain SA270. Ahmad & Holland (1985) suggested that the PUVA hyper- 

resistant phenotype of strain SA270 was due to a mutation, or 

mutations, giving rise to the over-expression of a 55kd protein. In 

order to study the mutation(s), its precise location on the E.coli 

chromosome must first be determined. Once the site of the mutation 

determining PUVA resistance has been found, experiments can then be 

performed to check that the genetic data correlate with the 

biochemical evidence suggesting that over-expression of the 55kd 

protein is responsible for the hyper-resistant PUVA phenotype of 

SA270.

Ahmad & Holland (1985) also proposed that the method used to 

isolate a PUVA hyper-resistant mutant might have produced conditions 

which selected a mutation affecting regulation of a gene responsible 

for the synthesis of the 55kd protein. This Chapter therefore also 

includes complementation tests with a diploid PUVA-wild type/PUVA 

hyper-resistant strain in order to test this proposal.

A further suggestion was that the RecA protein might control 

the synthesis of the putative crosslink-specific repair protein. The 

SOS response induces a number of repair proteins when DNA damage 

occurs in E.coli (Peterson et a1., 1988). Since mitomycin C, a 

crosslinking agent, is able to induce known SOS repair proteins such 

as RecA, UvrA and RecN (Finch et al., 1985) it can be hypothesised

that PUVA damage may do the same. If this is correct, then the 55kd 

protein may be inducible by crosslink DNA damage in the wild type
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strain KL16. This Chapter therefore includes experiments to test 

this possibility.

5.2 Conjugation Experiments

The PUVA hyper-resistant strain SA270 was derived from the wild

type Hfr strain KL16. Preliminary conjugation experiments were

carried out using the strain SA270 as a donor (Hfr) and an F“

auxotrophic strain AB1157 as a recipient. Samples of mating mixture

were spread on to plates containing psoralen (25pg/ml) and
-2streptomycin (25ug/ml) . The plates were then exposed to 7000 Jm oi* 

near ultraviolet light (lethal to AB1157, but not to SA270). The number 

of PUVA hyper-resistant recombinants was scored after 12 hours 

incubation at 37°C. The time of entry of the his gene marker was 

also determined by spreading samples of the mating mixture on 

minimal medium plates containing streptomycin and unselected 

auxtrophic requirements.

Table 7 shows the number of transconjugants obtained at each 

time interval. The PUVA hyper-resistant phenotype was detected in 

AB1157 after only 5 minutes incubation of the mating mixture. 

Fig. 29 shows interrupted mating curves for each marker.

Extrapolation of each curve gave the estimated time of entry for 

each marker. Results showed that the gene mutation responsible for 

the PUVA hyper-resistant phenotype in SA270 (referred to from now on 

as puvR) was located at approximately 58 minutes on the linkage map 

of the E.coli chromosome.



Table 7

Results obtained in a typical conjugation experiment

Results shown are those obtained in a typical conjugation experiment 

between SA270 and AB1157. Selection for recombinants was performed 

as described in the text.

Time(minutes) Number of PUVA-resistant 
recombinants

Number of his+ 
recombinants

0 0 0

1 0 0

5 4 0

10 9 0

15 44 1

20 137 22

30 170 73

40 179 96

50 194 156
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Table 8

Fine structure genetic mapping of the puvR gene 
using PI transduction

Results of a typical transduction experiment between 
SA270{puvR-,tyrA + ) and JH108(puvJ?+, tyrA~,nalB). Selection was made 
for transduction of the tyrA+ marker to JH108, followed by screening 
of resulting transductants for nalB and puvR as described in the
text. 95% confidence intervals (95% Cl) were calculated as described 
in Appendix I.

Transduction Data
nal-r nal~s nal-r nal-s

Donor Recipient tyrA+ puvR~ puvR~ puvR+ puvRf

SA270 JH108 129 46 7 76 0

Cotransduction frequency between tyrA and nalB = 5.4%±3.8% (95%CI) 

Cotransduction frequency between tyrA and puvR = 41%±8.4% (95%CI)



5.3 Fine genetic mapping of the puvR gene using PI transduction

Fine genetic mapping of the gene responsible for PUVA hyper­

resistance in SA270 was carried out using PI transduction 

experiments as described in section 2.11. SA270 was used as the

donor strain and a tyrA nalB mutant (strain JH108) as the recipient 

strain. Selection was made for transduction of the tyrA* marker 

(located at 56.7 minutes on the E.coli chromosome) by plating onto 

minimal medium plates supplemented with trp, his, thi and cytidine. 

Transductants were examined for cotransduction of the nalB and puvR 

markers by screening for nalidixic acid sensitivity or PUVA 

resistance (as described in section 2.4). Data (table 8) showed that 

the cotransduction frequency between tyrA and nalB was 5.4% +/~ 3.8% 

and between tyrA and puvR was 41% */- 8.4%. No transductants with a 

tyrA* puvR* nalB phenotype were obtained. It was therefore concluded 

that the puvR gene was located between tyrA and nalB on the linkage 

map of E.coli (Bachmann 1983), since the tyrA* puvR* nalB class of 

recombinants would require four crossovers and would therefore be 

extremely rare. Using the formula devised by Wu (1966) the position 

of the puvR gene mutation on the E.coli chromosome was calculated as 

57.2 +/~ 0.1 minutes.
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In order to confirm this conclusion, PI transduction 

experiments were also carried out with SA270 as the donor and a pheA 

auxotroph (strain PN10) as the recipient. Selection was made on 

minimal medium plates supplemented with leu, met, pro and thi. pheA* 

transductants were screened for puvR as described above. Data 

(table 9) showed that the cotransduction frequency between pheA* and 

puvR was 30% * /- 12%. Using the formula of Wu (1966) this result 

mapped the puvR mutation at a distance of 0.66 +/- 0.15 minutes from 

the pheA gene locus. The co-transduction data from these experiments 

is summarised in fig. 30.

5.4 SDS-Polyacrylamide gel electrophoresis of total

cell lysate from a puvR transductant

To confirm that the puvR mutation located at 57.2 minutes on

the E.coli chromosome was solely responsible for both the PUVA

hyper-resistant phenotype of SA270 and for over-expression of the 

55kd protein, a tyrA* puvR transductant was analysed for the 

presence of the over-expressed 55kd protein in a total protein cell 

lysate using SDS-Polyacrylamide gel electrophoresis. A tyrA* puvR* 

total protein cell lysate was examined as a control. Results showed 

(fig. 31) that the 55kd protein was over-expressed in the tyrA* puvR 

transductant, but not in the tyrA* puvR* transductant. This 

confirmed the correlation between the puvR mutation, the PUVA 

hyper-resistant phenotype of SA270 and the over-expression of the 

55kd protein.
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Table 9

Fine structure genetic mapping of the puvR gene 
using PI transduction

Results of a typical transduction experiment between 
SA270(puvR~,pheAf) and PtilO{puvR*,pheA~). Selection was made for 
transduction of the pheA+ marker to PN10, followed by screening of 
resulting transductants for puvR as described in the text. 95%
confidence intervals (95% Cl) were calculated as described in 
Appendix I.

Transduction Data

Donor Recipient pheA*
pheA + 
puvR-

pheA
puvR

SA270 PN10 50 15 35

Cotransduction frequency between pheA and puvR = 30%±12% (95% Cl)
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5.5 Complementation analysis of the puvR gene

An F* plasmid carrying tyrA* and puvR* was introduced into an 

F" strain (JH109) with the tyrA and puvR mutations. This was done by 

mating strain KL711 (F * 143, tyrA*, puvR*) with strain JH109

(F“tyrA::TnlO, puvR) in a conjugation experiment and selecting for 

the transfer of tyrA* on minimal medium plates containing 

tetracycline (15pg/ml). Resulting transconjugants were tested for 

their PUVA phenotype as described previously. Of 100 transconjugants 

tested, 85% had wild type levels of PUVA sensitivity. Those which 

retained PUVA hyper-resistance were retested for their tyrA* 

phenotype, but were found to be tyrA", suggesting that the F’ had 

been lost from these cells. It would be expected that at least some 

of the tyrA* transconjugants might result from recombination of the 

F’ with the host cell chromosome. However, the fact that all of the 

proven tyrA* transconjugants tested had wild type levels of PUVA- 

sensitivity (combined with the observed instability in 15% of 

'’transconjugants") suggested that the puvR* gene on the F’ was 

producing a gene product acting in trans to reverse the effect of 

the original puvR mutation located on the chromosome. Fig. 32 shows 

typical survival curves of F’, F~ and transconjugant strains.
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5.6 Isolation of a PUVA-hypersensitive mutant by

insertional mutagenesis

When a cell is infected with bacteriophage MudI(lac,Ap) the 

phage integrates into the bacterial chromosome at random sites. 

Although the phage carries a lacZ structural gene, it does not carry 

a promoter capable of initiating transcription. In an initial 

experiment, MudIlac(Ap) phage was used to infect wild type strain 

KL16 in the hope of obtaining a PUVA hyper-sensitive strain with a 

mutation in the structural gene encoding synthesis of the 55kd 

protein. As the Mu phage carries the lacZ structural gene, but no 

promoter, the lacZ gene can only be expressed (and 13-galactosidase 

produced) if the phage integrates into an active operon. Selection 

was made on LB plates containing 25pg ampicillin/ml as described in 

section 2.13. A total of 2000 colonies were then screened on 8- 

methoxypsoralen and 8-methoxypsoralen plus near ultraviolet light 

plates. Two PUVA hyper-sensitive mutants were isolated and tested 

for their sensitivity to far ultraviolet light in comparison with 

KL16 and SA270. Both of the KL16 insertion mutants were found to be 

hyper-sensitive to far ultraviolet light (results not shown) and it 

was therefore concluded that the Mu phage had not inserted into the 

same gene that was responsible for PUVA hyper-resistance in SA270, 

since over-expression of the 55kd protein did not increase 

resistance to far ultraviolet light (see section 3.2). There was no 

evidence that these insertion mutations were in genes solely 

concerned with repair of PUVA damage, particularly in view of their 

hyper-sensitivity to far ultraviolet light. Although interesting> 

they were therefore not '' further investigated in this thesis.



In a second experiment, Pl::Tn51<ac (Kroos & Kaiser, 1984) was 

used in an attempt to isolate a PUVA hyper-sensitive mutant from 

SA270 that showed wild type levels of sensitivity to far ultraviolet 

light. Pl::Tn5Jac is a defective phage which is used simply as a 

method of introducing Tn5lac into the cell, where' it inserts into 

the chromosome at random locations. Following selection as described 

in section 2.13 on JMacConkey agar plates, 200 colonies with a deep red 

colour were examined and a PUVA hyper-sensitive mutant was isolated 

(fig. 33) which showed wild type sensitivity to far ultraviolet light 

(fig. 34) and hyper-sensitivity to the DNA crosslinking agent mitomycin 

C (fig. 35).
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i
When a B-galactosidase assay was performed on JH110, it was

found that high constitutive levels (Miller, 1972) of~800 units of 'f
t*

p-galactosidase were being produced. This indicated that the Tn51ac |

had inserted into (and inactivated) a gene which was being

constitutively expressed with a high rate of transcription.
$■4x;,r-

It was hoped that Tn5lac had inserted into the structural gene |
h

encoding the 55kd protein (now designated puvP). To determine (|

whether this was the case, a normal PI transduction experiment was 

carried out which used the Tn5lac insertion mutant as a donor strain 

and a tyrA nalB mutant (JH108) as a recipient strain. Selection was 

made on minimal medium plates containing trp, his, thi and cytidine 

for transduction of tyrA*. Resulting transductants were screened for

hyper-sensitivity to PUVA and nalidixic acid resistance.The data
4

showed that the cotransduction frequency between PUVA hyper­

sensitivity and tyrA+ was 29% +/~ 9.3% (table 10). Using the formula 

of Wu (1966) the insertion mutation was therefore located at 

0.67 +/- 0.1 minutes from the tyrA gene. While this was not a

statistically significant difference from the map position of the 

puvR gene (leading to over-expression of the 55kd protein) described >-
■i

in 5.3, the insertion mutation examined here was not puvR since it
P.<;

exhibited hyper-sensitivity to PUVA. This gene could be the 55kd |
protein structural gene, designated puvA, but could also be a third

gene concerned with PUVA hyper-sensitivity that cotransduced with \

tyrA+ and was therefore, like puvRt located close to tyrA on the |
‘1

chromosome (fig. 36). j
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Fine structure genetic mapping of the PUVA hypersensitive gene 
mutation using PI transduction

Results of a typical transduction experiment between a PUVA hyper- 
sensitive mutant (puvP~ttyrA*) and JH108{puvP*, tyrA~ fnalB), 
Selection was made for transduction of the tyrA* marker to JH108, 
followed by screening of resulting transductants for nalB and the 
PUVA phenotype, as described in the text. 95% confidence intervals 
(95% Cl) were calculated as described in Appendix I.

Transduction Data

nal-r nal~s nal-r nal-s
Donor Recipient tyrA* PUVA-hyper PUVA-hyper PUVA-wt PUVA-wt

sensitive sensitive

SA270 JH108 92 22 65 0

Cotransduction frequency between tyrA and nalB - 5.4%±4.6% 

Cotransduction frequency between tyrA and puvP - 29%±9.3%
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5.7' Induction Studies

Strain KL16 was incubated at 37°C with 2pg mitomycin C/ml for 

30 minutes and then resuspended in fresh nutrient broth and 

incubated on a rotary shaker at 37°C. Samples (lOmls) were harvested 

and lysed after 0, 10, 30, 60, and 90 minutes incubation. Total

protein cell extracts were then run on a Polyacrylamide gel to 

determine whether the 55kd protein, over-expressed in SA270, was 

inducible in KL16. No induction by mitomycin C was observed; 

however, it was interesting to note that the RecA protein was 

present, even at 0 minutes, suggesting that damage caused by mitomycin 

C treatment was effective in switching on the SOS response in wild 

type £.coif (fig. 37).

When KL16 was exposed to PUVA following exposure to 2pg 

mitomycin C/ml for 30 minutes, there was a significant increase in 

the PUVA-resistance of the strain (fig. 38). This suggested that 

exposure of the wild type strain KL16 to a DNA crosslinking agent 

does induce PUVA resistance, but that the 55kd protein is not 

normally inducible to the levels observed in SA270. Alternatively 

this observation might be the result of the induction of other 

repair genes also able to mediate crosslink repair.
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To msasure the induction of jB-galactosidase activity, it was 
necessary to construct a strain with TnSlac inserted into the f>uv/\ 

gene while still retaining the puvR allele.
Phage PI was grown on the PUVA hyper-sensitive Tn5lac mutant 

isolated from SA270 and transduced into the wild type strain KL16, 

selecting for kanamycin-resistant colonies, on MacConkey plates 

containing25ygkanamycin/ml. Two types of colony were observed; pale 

pink and dark red. The ratio of pale pink colonies to dark red 

colonies was approximately 10%. Dark red colonies probably resulted 

from cotransduction of Tn51ac and the puvR mutation. Pale pink 

colonies were isolated, as these presumably had the puvR+ gene, and 

were tested for their PUVA phenotype to confirm PUVA hyper­

sensitivity. All the PUVA hyper-sensitive transductants screened 

also retained wild type sensitivity to far ultraviolet light. A

transductant showing low levels of 13-galactosidase activity and PUVA 

hyper-sensitivity was used in an induction experiment. Following 

exposure to 2yg mitomycin C/ml for 30 minutes (see section 2.15) the 

level of |3-galactosidase in the cells was measured 0,30, 60, 90, 

120, 150, 180 and 210 minutes after treatment. Results showed

(fig. 39) that the level of B-galactosidase in the cells did not

increase in the induced cells. It was therefore concluded that the 

gene inactivated by insertion of Tn5lac (leading to PUVA hyper­

sensitive) in SA270 was not directly inducible by the DNA damage 

caused by mitomycin C.
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FIG. 39. RESULTS OF AN INDUCTION EXPERIMENT SHOWING THE EFFECT OF 
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5.8 Discussion

The mutation site conferring PUVA hyper-resistance in strain 

SA270 was located at 57.2±0.1 minutes on the E.coli chromosome. PUVA 

hyper-resistant transductants also showed over-expression of the 

55kd protein, thereby confirming the correlation between the PUVA 

hyper-resistant phenotype and the high level of expression of this 

protein.

Ahmad & Holland (1985) suggested that the resistance of strain 

SA270 to PUVA damage was due to a mutation in a gene regulating 

transcription of the 55kd protein. Inactivation of this gene would 

lead to constitutive expression of this protein in the cell. The 

complementation study described in this Chapter provided further 

evidence for this hypothesis, since the wild type gene (designated 

puvR+) was dominant in trans over the mutant derivative. From the 

results obtained it can be proposed that, in the partial'diploid 

strain, the puvR* gene located on the F* encodes a diffusible 

repressor protein which regulates transcription of the structural 

55kd protein gene (designated puvf|)(fig. 40).

As already described (see section 1.7) the regulation of a 

number of DNA repair genes is under the control of the RecA/LexA SOS 

regulon which causes their induction following DNA damage. Ahmad & 

Holland (1985) showed a need for a functional recA gene in the 

repair of PUVA induced DNA damage and observed that the cells of a 

recA derivative of SA270 were not only very sensitive to PUVA, but 

that expression of the 55kd protein was returned to basal wild type 

levels. They proposed that, following DNA damage by a crosslinking 

agent, the RecA protein might cause derepression of a regulatory
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gene that increased the levels of the 55kd protein. Results in this 

study showed that wild type strain KL16 became more resistant to

PUVA damage following exposure to a sublethal dose of mitomycin C,

although the level of resistance observed in strain SA270 was never 

attained. Although Polyacrylamide gel electrophoresis (fig. 37) showed 

expression of the RecA protein, no induction of the 55kd protein 

could be detected. From these results it can be proposed that 

expression of the protein might only be increased by small

undetectable amounts following crosslinking DNA damage. Since

complementation studies suggested that the mutation causing over­

expression of the 55kd protein was in a regulatory gene this result 

was somewhat surprising, but may indicate that it is not the 

presence of the DNA crosslinks that actually induces the expression 

of the 55kd protein. It would be interesting in future experiments 

to determine what factors are responsible for induction of the 55kd 

protein, particularly since the Tn5lac insertion in a gene concerned 

with PUVA resistance was also non-inducible.
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Although no evidence was obtained to suggest that the 55kd 

protein was directly inducible by damage caused by DNA crosslinks, 

complementation studies suggested that the protein was under 

regulatory control. Ahmad & Holland (1985) proposed that the RecA 

protein may control synthesis of the putative crosslink specific 

repair protein (see section 1.9); however, at this point it must be 

emphasised that, as determined in this thesis, the recA gene locus 

maps within 1 minute of the puvR gene mutation site. Thus, in their 

attempt to transduce a recj4::TnlO insertion mutation into strain 

SA270, these authors may have cotransduced a puvR wild type gene, 

thereby leading to expression of basal levels of the 55kd protein.

Isolation of a PUVA hyper-sensitive mutant derivative of SA270 

was successfully achieved using Pl::Tn5iac. A 13-galactosidase assay 

of the hyper-sensitive mutant showed a high constitutive level of 

^800 units (Miller, 1972), compared with low level 

production in a puvRf regulated transductant derived from the PUVA 

hyper-sensitive strain. The fact that transduction of the Tn5lac 

insertion into KL16 produced approximately 10% puvR* regulated 

mutants confirmed that puvR and the Tn5lac insertion were closely 

linked on the chromosome.

Polyacrylamide gel electrophoresis of the PUVA hyper-sensitive 

insertion mutant derived from SA270 did not confirm the absence of 

the 55kd protein, although the high constitutive levels of 

expression seen in the PUVA hyper-resistant strain were no longer 

observed. It is, however, often difficult to detect even wild type 

levels of the 55kd protein in a total protein cell extract on a one 

dimensional Polyacrylamide gel and it would be advisable to use a
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two dimensional gel system to screen for PUVA hyper-sensitive 

mutants in future experiments.

On the basis of the genetic data described in this Chapter, it 

is possible to propose a model for the control of expression of the 

55kd protein (fig. 41). In a wild type strain (fig. 41a) the level 

of expression of the 55kd protein may be repressed by a protein 

binding to a site in the operator region of the puvA gene. It is 

proposed that there is a repressor protein acting in this way since 

complementation data suggests that a puvR* gene is dominant in trans 

in a partial diploid. The puvR+ regulatory gene product may control 

transcription of the puvA gene and even when bound to the operator 

region, "leaky" transcription may be observed, in a similar way to 

that seen with the lac operon (Riggs et al.y 1970), so that low 

levels of the 55kd protein are produced.
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When DNA crosslinking damage occurs, the RecA protein is 

nradified and cleaves the LexA protein allowing transcription of 

repair genes such as uvrA, uvrB and recN. It seems unlikely, 

considering the results described in this thesis, that the 

regulatory protein preventing transcription of the puvA gene is also 

cleaved by RecA in response to crosslinking DNA damage. However, the 

possibility of the puvR gene product being cleaved by an unknown 

protein, induced indirectly in response to crosslinking damage, 

cannot be ruled out. Consequently the expression of the 55kd protein 

may be increased in a controlled manner, but not to the levels 

detected in SA270 (fig. 41b).

In the PUVA hyper-resistant strain SA270(fig. 41c), a mutation 

in the puvR gene probably results in loss of the putative PuvR

repressor protein. Uncontrolled transcription occurs and enhanced 

repair of crosslinks is mediated. Since the recA gene has multiple 

roles in DNA repair and recombination it is not difficult to explain 

why the recA derivative of thePUVA hyper-resistant mutant became 

hyper-sensitive to PUVA induced DNA damage *

Indeed, the most likely role of the recA gene may be to 

indirectly control transcription of the puvA gene, perhaps by 

controlling an unknown gene which is needed for transcription 

initiation, or even by preventing attenuation of the puvA gene. The 

next Chapter examines in more detail the interactions of puvR with 

recA and other genes known to be involved in DNA repair.
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6.1 Background

Possible mechanisms involved in the repair of PUVA-induced 

crosslinks have already been investigated in E.coli (Van Houten et 

al*t 1986a; 1986b; Jones & Yeung, 1988; Cheng et al., 1988). The

current proposed mechanism (described in detail in section 1.8) 

involves two incision steps with a RecA-mediated recombination 

event. In order to obtain an overall view of the way in which the 

known genes and gene products involved in the repair of DNA 

crosslinks might interact with the 551cd protein, the experiments 

described in this Chapter introduced known DNA repair deficient 

mutations into SA270 and examined the properties of the resulting 

recombinants,

6.2 Sensitivity of known DNA repair deficient mutants

to PUVA

Strains of E.coli carrying mutations in the recA, recBC, recF, 

recN, uvrA, uvrC, recJ, recBC sbcB or recBC sbcB recF genes (see 

table 2;section 2.1) were exposed to PUVA and their percentage 

survival at various doses determined. The results showed that 

strains carrying mutations in the recA, recBC, recF, recN, uvrA, 

uvrC, or recBC sbcB recF genes were all hyper-sensitive to PUVA, 

whereas recJ or recBC sbcB mutants showed wild type sensitivity to 

PUVA (fig. 42). SA270 was considerably more resistant than any of

the mutant strains. It was concluded from the results that the gene 

products of the mutant strains showing hyper-sensitivity to PUVA 

must be directly or indirectly involved in the repair of PUVA 

induced DNA damage.

- 155 -



100

recA

SA270

recficsbcB KL16
reoBCsbcBrecF 

r ecN

600 1200 . _o 1800Jm 2400 3000

FIG*42• BACTERIAL KILL CURVES OF DNA REPAIR-DEFICIENT 
MUTANT STRAINS IN THE PRESENCE OF PUVA.

• SA270 4
A KL16 •1.5.

■ recJ £
4

o recBCsbcB §
♦ recBCsbcBrecF i
A recF f
▼ recBC ,v
□ recN ■V-

W
0 uvrA I

■’4

4
4
..ks.

I



6.3 PUVA sensitivity of SA270 derivatives carrying

known mutations affecting DNA repair

A number of mutations in known DNA repair genes, produced by 

transposon insertion mutagenesis, were transduced into the PUVA 

hyper-resistant strain SA270 by PI transduction. Selection for 

transductants was made on nutrient agar plates containing the 

appropriate antibiotic required for selection of the inserted 

transposon gene.

In the case of the putative uvrC transductants, the 

transductants were far ultraviolet hyper-sensitive as expected. In 

contrast, the putative uvrA transductants were resistant to PUVA, 

but showed wild type sensitivity to far ultraviolet light, 

indicating that transfer of the uvrA mutant gene had not occurred. 

The remaining transductants were exposed to PUVA treatment and a 

survival curve constructed for each derivative strain (fig. 43), The 

results showed that recA, recN and recF derivatives of SA270 were 

all, to varying degrees, more sensitive to PUVA treatment than the 

wild type strain KL16, and considerably more sensitive than the 

original SA270 strain. The uvrC derivative of SA270 showed wild type 

sensitivity to PUVA. In contrast, the recJ derivative of SA270 was 

as resistant to PUVA treatment as SA270 itself.
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6.4 SDS-Polyacrvlamide gel electrophoresis of SA270

derivatives carrying mutations in other DNA

repair genes

Total protein cell lysates of SA270 derivatives carrying

mutations in other DNA repair genes were examined on a 10% SDS-

Polyacrylamide gel to determine what effect, if any, the newly 

introduced mutations had on the expression of the 55kd protein. The 

results (fig. 44) demonstrated that recF and recA mutant derivatives 

of SA270, both of which showed varying degrees of hyper-sensitivity 

to PUVA (section 6.3) had 55kd protein levels (tracks b and g) 

reduced to that of the wild type strain KL16 (track f). The recN

mutant derivative of SA270 also showed a PUVA hyper-sensitive 

phenotype, but continued to over-express the 55kd protein (track a).

The uvrC mutant derivative of SA270 showed a similar level of PUVA

resistance to the wild type strain KL16 and also continued to over­

express the 55kd protein (track d). The recJ mutation had no 

apparent effect on the hyper-resistant phenotype of SA270 and the 

55kd protein remained over-expressed (track c).
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6.5 Discussion

A model for DNA crosslink repair has been proposed by Van 

Houten et &1. (1986b) that involves UvrABC excision endonuclease

activity. Although the early incision steps of the pathway have been 

elucidated, little is known about the recombinational events that 

are also necessary for crosslink repair. During crosslink repair, 

excision of the psoralen adduct on one strand leaves the second 

adduct attached to a single stranded region. Not only do single 

stranded lesions provoke recombination, but recombination is crucial 

for repair since it converts these lesions to a double stranded form 

that is susceptible to a second excision repair step.

The crucial importance of this recombination stage in the 

repair process was demonstrated by the results in this Chapter which 

showed that a recA-deficient mutant of E.coli was very sensitive to 

PUVA-induced DNA damage. This was not a surprising result in -view of 

the known importance of the RecA protein in the induction of some 

DNA repair enzymes and in recombination repair events in the cell. 

Mutations in the recA gene abolish homologous recombination in all 

known recombination pathways and consequently block all 

recombinational repair processes (Peterson et al., 1988). Van Houten 

(1986b) proposed that there is an absolute requirement for a 

functional RecA protein in the recombinational events of crosslink 

repair (section 1.8). Following the dual incision activity of the 

UvrABC endonuclease, a single-stranded gap is produced which is 

subsequently repaired by a recombinational event. The RecA protein 

promotes strand transfer with a homologous region of DNA in another 

DNA molecule and strand invasion by a sister duplex is mediated. The 

recombinational function of the RecA protein has been extensively
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studied and the strand transfer reaction has been demonstrated in 

vitro. In E.coli, single-stranded DNA {ssDNA) is complexed with a 

single-strand binding protein (SSB) which is required to allow the 

formation of a RecA ssDNA complex. The SSB protein is then released 

to permit production of longer RecA-ssDNA nucleo-protein filaments 

that are needed for strand pairing and recombinational repair 

(Moreau, 1988). Regulation of the RecA protein by the LexA 

protein is of utmost importance in that the RecA protein is induced 

following DNA damage.

At least two pathways for genetic recombination in E.coli have 

been elucidated, both dependent on a functional recA gene. One 

pathway requires the recB and recC genes that encode subunits of the 

exonuclease V protein. The RecBC proteins form part of a 

multifunctional complex, RecBCD, that has both endonuclease and 

exonuclease activity against single-stranded and double stranded 

DNA. The enzyme complex also has an unwinding activity for double 

stranded DNA with double strand breaks, but requires the ends of the 

DNA to be blunt or nearly so (Simmon & Lederberg, 1972). This 

suggests that the RecBCD protein complex may be important in 

recombinational repair of double strand breaks in DNA; indeed Wang & 

Smith (1983) showed that the RecBCD complex played no role in the 

repair of daughter strand gaps, but was required, together with a 

functional RecA protein, for the recombinational repair of double 

strand breaks. In this Chapter it was demonstrated that a recBC 

mutant of E.coli was sensitive to PUVA damage, thereby also 

suggesting the involvement of these gene products in the repair of 

crosslinks.
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In recBC mutants there is a significant level of residual 

recombination, due to another pathway controlled by the recF gene 

(Horii & Clark, 1973). In recBC proficient cells, only 1% of 

recombination is controlled by the recF gene. However, in a recBC 

sbcB mutant this minor pathway becomes the only recombination 

pathway available to the cell. It is important to note that the 

recombination deficiency of recBC mutants is suppressible by a 

mutation in the sbcB gene (exonuclease I); hence enhancement of 

recombination in these double mutants has been interpreted to mean 

that a DNA intermediate of the recF pathway is sensitive to 

degradation by this nuclease (exonuclease I). Results in this 

Chapter showed that a recBC sbcB double mutant has wild type 

sensitivity towards PUVA, thereby implicating the recF gene in 

crosslink repair. This proposal was supported by the observation 

that both a recBC sbcB recF triple mutant and a recF single mutant 

were sensitive to PUVA. The triple mutant was more sensitive to PUVA 

than either the recBC or recF single mutant. This suggested that 

both recombination pathways were involved in the PUVA-induced damage 

repair process.

The RecF pathway, like the RecBC pathway, requires a functional 

recA gene for recombination to occur. Apart from the recF gene 

itself, several other genes are known to form part of the pathway. 

The RecF pathway becomes more active in cells exposed to DNA damage 

(Lovett & Clark, 1983) and, because mutations in RecF pathway genes 

have little effect on recombination in wild type cells, it has been 

suggested that the major role of the RecF pathway is in DNA repair 

(Lovett & Clark, 1985). Mutations belonging to the RecF class were 

first identified in recBC sbcB strains of E.coli. To date, no role
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has been assigned to the RecF protein, although Walker (1987) has 

proposed that it might function by modifying the activity of the 

RecA protein, either in strand transfer or by regulation of gene 

expression.

The predominant mechanism for daughter strand gap repair seems 

to be mediated via the RecF pathway, and both the RecA and RecF 

proteins are directly involved in repair of this type of lesion 

(Walker, 1985). This may explain why single mutations in the recA 

and recF genes make cells hyper-sensitive to PUVA (section 6.2) 

since PUVA induced DNA damage frequently results in the formation of 

DNA lesions of this type.

The RecF recombination pathway has eight well identified gene 

members recA, recF, recN, recJ, recO, recQ, ruv and uvrD. The recN, 

recQ, ruv and uvrD genes are all part of the SOS regulon, but the 

status of the remaining genes is unknown. Single mutants of genes in 

the RecF pathway display variable phenotypes when treated with 

different DNA damaging agents (section 1.7), and this differential 

sensitivity may reflect variations in the proteins required to 

repair a given type of DNA lesion. As described in this Chapter, a 

recN single mutation in wild type E.coli made the cells hyper­

sensitive to PUVA. Even though the RecBC protein is important in 

recombinational repair of double strand breaks, it is also known 

that inducible repair of such lesions can be mediated by components 

of the RecF pathway requiring a functional recN gene (Picksley et 

al., 1984). The relationship between the recA-dependent and recBC- 

dependent repair mechanisms for double strand breaks remains 

unclear, but it is apparent from the studies in this thesis that
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both the recN and recBC gene products are required to repair DNA 

lesions resulting from PUVA exposure.

In contrast, the experiment described in section 6.2 showed 

that a strain with a single mutation in the recJ gene had wild type

sensitivity to PUVA damage, indicating that a functional recJ gene

product is not required to repair PUVA induced DNA damage. The role 

of the RecJ protein is not yet clear, although it is certainly 

necessary for recombination events in a recBC sbcB background (Wang 

& Smith, 1988). Thoms & Wackernagal (1988) showed that there was 

suppression of the ultraviolet sensitive phenotype of recF mutants 

if the recA alleles srf and tif and a functional RecJ protein were 

present, indicating that there may be an alternative recombination 

pathway independent of both the recA and the recF gene products.

Considering the role of the UvrABC endonuclease in the repair 

mechanism of DNA crosslinks, it was not surprising that both the 

uvrA and uvrC mutant strains of E.coli were very sensitive to PUVA

damage (section 6.2). The two incision steps mediated by the UvrABC

protein complex (Van Houten, 1990) are required for the repair of 

psoralen-induced crosslinks, whereas the intervening RecA-mediated 

recombination event can probably proceed via different pathways, 

depending on the type- of lesions produced. This would explain why 

single mutants of certain recombinational genes, such as r&cB t recN

and recF , were not as sensitive to PUVA as single mutations in genes 

required for the incision step in crosslink repair. Although some 

investigations of post damage incision in uvrC mutants have 

suggested that the uvrC gene product is not absolutely required for 

the UvrAB complex to mediate strand incision, Walters (1988) has 

demonstrated conclusively that a uvrC: :TnlO mutant is deficient in
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excision repair of ultraviolet light induced DNA damage and 

suggested that other uvrC mutants were "leaky".

To summarise the discussion to this point, the results obtained 

in this Chapter confirmed that the recA, recBC, recF, recN, uvrA and 

uvrC genes were either directly or indirectly involved in PUVA 

repair. Further experiments were carried out to determine what role 

the 55kd protein might play in PUVA repair, and to determine whether 

its function was dependent or independent of some of the genes 

listed above. A number of single repair gene mutations were 

therefore transduced into strain SA270 and the resulting PUVA 

phenotype and expression levels of the 55kd protein studied.

As described in section 6.3, the recA derivative of SA270 

(designated SA316) was extremely sensitive to PUVA, indicating that 

the recA gene product must have an important role in the repair of 

PUVA-induced crosslinks. As already discussed, the RecA'protein 

plays a critical role in recombination repair and also regulates the 

expression of other repair genes such as recN. Since SA316 showed 

wild type levels of the 55kd protein this could suggest, as pointed 

out by Ahmad & Holland (1985) that the RecA protein might control 

expression; however, as outlined in Chapter 5, the puvR+ gene may 

have been cotransduced with recA into strain SA270, resulting in 

wild type expression of the protein.

A recF mutant derivative of SA270 was also hyper-sensitive to 

the PUVA and the over-expression of the 55kd protein was reduced to 

wild type basal levels. However, since the recF gene maps at 83 

minutes on the E.coli chromosome, it is not possible to suggest that 

the puvR'1' gene had been cotransduced into strain SA270. It can
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therefore be concluded that the recF gene is required in strain

SA270 for over-expression of the 55kd protein. Unfortunately very

little is known about the recF gene and its protein. Interestingly,

studies by Thoms & Wackernagel (1987;1988) revealed a close

relationship between the recA and recF genes. They showed that the

SOS response was impaired in recF mutants. In a uvrA::MudI(lac,Ap)

fusion strain, the introduction of a recMOO mutation impaired ft-

galactosidase production, compared with levels seen in the

uvrA: :MudI(lac,Ap) strain, following induction with far ultraviolet

light. It can therefore be proposed that, in a wild type strain

treated with a DNA crosslinking agent, the presence of a recF
mutation may inhibit transcription of the c/4 gene. It is likely

that the recF gene product m y  be required for transcription of

thepuvA gene, and that a reef mutation could indirectly inhibit

transcription of the pay A gene.

Alternatively, since little is known about the function of the RecF 

protein,it is also a possibility that the protein directly affects 

the transcription of the puvP gene. Perhaps the transcription of the

puvP protein is enhanced by binding of the RecF protein. In a recF

mutant derivative of SA270 this does not occur, and the protein is 

consequently not over-expressed. These proposals are summarised in 

fig. 45. As already described, the recF gene product is involved in 

crosslink repair and is necessary for daughter strand gap repair. It 

is therefore not surprising that a recF mutant derivative of SA270 

is hyper-sensitive to PUVA.
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The introduction of a uvrC mutation into SA270 led to loss of 

PUVA resistance, but not to the level of sensitivity found in a wild 

type strain with a single uvrC mutation. The uvrC derivative of

SA270 also showed continued expression of the 55kd protein. As 

described in detail below, this is a very important result, 

particularly since the new strain was very sensitive to far 

ultraviolet light.

The events leading to incision of crosslinked DNA strands by 

the UvrABC endonuclease are already well understood (section 1.8). 

The UvrA protein binds to the DNA in a damage dependent manner 

(Seeberg & Steinum, 1982) and the UvrB protein stabilises this 

association by forming a complex (Strike & Rupp, 1985). The UvrC 

protein binds to complete the complex, resulting in incision of the 

DNA (Yeung et al.t 1986), In an SOS induced cell the UvrA and UvrB 

proteins are present in vast excess over the UvrC protein (Yoakum & 

Grossman, 1981). A possible interpretation of the results described 

in this thesis is that the 55kd protein may bind to the UvrAB 

complex and mediate a different type of strand incision that is

specific for DNA crosslinks. In strain SA270 the amount of 551cd 

protein is greatly elevated and the protein may possibly be in 

competition with the UvrC protein. In a uvrC derivative of SA270 the 

55kd protein may bind to the UvrAB complex and mediate only

crosslink repair since the strain is rendered very sensitive to far 

ultraviolet light. An obvious further experiment would be to

introduce uvrA or uvrB mutations into SA270 and examine their effect 

on the PUVA hyper-resistant phenotype.

The precise role of the 55kd protein is not yet clear, but it 

could function as an independent endonuclease specific for DNA
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crosslink damage, whose activity is minimal in a wild type strain, 

but increased in strain SA270. On the other hand, the protein may 

not necessarily be an endonuclease, but could be a component of a 

repair pathway which provides the cell with an alternative method 

for repairing crosslinked DNA lesions. No firm conclusion can be 

drawn from the results until the function of the 55kd protein has 

been elucidated. However, the PUVA phenotype of the uvrC mutant 

derivative of SA270 may provide a vital clue as to why strain SA270 

is hyper-resistant to DNA crosslinking damage.

It should be noted at this stage that a recN mutant derivative 

of SA270 is sensitive to PUVA, but still retains over-expression of 

the 55kd protein. The recN gene maps very close to the puvR gene {at

56.5 minutes on the E.coli chromosome) and its gene product has a 

similar molecular weight (60kd). As the 55kd protein is still over­

expressed in the recN mutant derivative of SA270 it can be concluded 

that it is not the product of the recN gene. It is interesting to 

note that, although the map positions of the puvR and recN genes are 

very close on the chromosome, cotransduction of the puvR and recN 

genes was not observed. The RecN protein is part of the RecF pathway 

of recombination repair and is involved in the repair of DNA double 

strand breaks (Picksley et al., 1984). As proposed above, over­

expression of the 55kd protein may enhance a particular step in the 

repair of PUVA-induced DNA crosslinks, but because the cell is recN 

it is unable to repair double strand breaks formed during the later 

stages of repair. As a result the strain is sensitive to PUVA damage 

due to incomplete overall repair.

In contrast, as described earlier, a recJ mutation does not 

make wild type E.coli sensitive to PUVA-induced DNA damage,
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suggesting that the RecJ protein plays no role in repairing DNA 

crosslinks. In support of this conclusion, a recJ mutant derivative 

of SA270 was as resistant to PUVA as SA270 and continued to over 

express the 55kd protein. As Thoms & Wackernagal (1988) have 

proposed that the RecJ protein may be part of an alternative 

recombination pathway suppressing ultraviolet-sensitivity, it would 

be interesting to construct a mutant strain carrying recF, recA, 

sif puvR with and without recJ, and elucidate its phenotype for 

PUVA.

In conclusion, the results presented in this Chapter indicated 

that the probable role of the 55kd protein is as an adjunct to 

existing DNA repair pathways. It is also clear that the final 

outcome of its action is specific for the repair of crosslink DNA 

damage. As proposed above, one of the most likely ways in which it 

could operate would be as an endonuclease specific for

DNA crosslinks, and this hypothesis would seem to be a suitable 

starting point for further studies on its mode of action.

The next Chapter describes experiments designed to purify the 

55kd protein and an initial investigation of its possible function 

as an endonuclease.
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7.1 Background

The experiments already described in this thesis have suggested 

that the PUVA hyper-resistant mutant SA270 may have developed a more 

efficient repair mechanism for DNA crosslinks mediated by the 55kd 

protein. This Chapter describes further experiments carried out in 

an attempt to determine the precise biological role of the protein 

and to elucidate whether the protein itself had endonuclease 

activity specific for DNA crosslinks as proposed by Ahmad & Holland

(1985).

In its normal state, superhelically twisted colEl plasmid DNA 

can be relaxed by the introduction of nicks in the DNA. If the 55kd 

protein is an endonuclease, or enhances the action of a pre-existing 

nuclease, it may be possible to show that supercoiled ColEl DNA

molecules treated with PUVA are relaxed with greater efficiency in the

presence of total protein extract obtained from SA270, conpared with 

ColEl DNA molecules treated with a total protein extract from the 

wild type parent strain KL16.

This Chapter also includes experiments designed to purify the

55kd protein using FPLC. Subsequent analysis of the purified 

protein, in an attempt to determine whether it had an endonuclease 

activity itself, is also described.

7.2 Effect of total protein extracts from strains 

SA270 and KL16 on PUVA damaged and undamaged 

ColEl DNA

Following isolation and purification (as described in section 

2.17) ColEl DNA was exposed to near ultraviolet light plus 8-
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methoxypsoralen (section 2.4). The PUVA-damaged plasmid DNA was then 

incubated with total protein extract from either strain SA270 or 

KL16. If SA270 had greater endonuclease activity specific for DNA 

crosslinks, then the supercoiled ColEl molecules should relax with 

greater efficiency in the presence of protein extract obtained from 

this strain. Plasmid DNA treated with total protein extracts was 

therefore examined using agarose gel electrophoresis.

In fig. 46, lanes 2 and 3 represent the PUVA-damaged colEl 

plasmid at 0 minutes incubation with protein extract. Two bands are 

visible: the top faint band consists of relaxed circular DNA and the 

lower band consists of supercoiled DNA. Following incubation with 

protein extracts from strain SA270 and KL16 for 60 minutes, there 

was an increase in the relaxed circular form of DNA which may 

indicate a local disruption of the helix by endonuclease activity. 

After 60 minutes there was no more relaxed circular DNA in the SA270 

protein extract incubation mixture than in the KL16 protein extract 

incubation mixture (lanes 4 and 5). Thus the ColEl plasmid molecules 

had not relaxed with greater efficiency in the presence of protein 

extract obtained from the PUVA hyper-resistant mutant SA270.
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LANE 1 PLASMID ONLY
2 PLASMID ♦ KL16.0 MINUTES
3 PLASMID ♦ SA270.0 MINUTES
4 PLASMID ♦ KLl6,60 MINUTES
5 PLASMID ♦ SA270.60 MINUTES
6 KL16 PROTEIN EXTRACT ONLY
7 SA270 PROTEIN EXTRACT ONLY
8 X  DNA,Hind III DIGEST

INCUBATION OF PUVA DAMAGED ColEl PLASMID 
WITH TOTAL PROTEIN EXTRACTS OF KLl6 AND 
SA270 FOR O AND 60 MINUTES.



One possibility was that, after 60 minutes, the formation of 

relaxed circular DNA had reached a maximum with protein extracts 

from SA270 and KL16. The rate of plasmid relaxation could therefore 

be important. However fig. 47 shows that the ColEl plasmid treated 

with SA270 protein extract did not form relaxed open circles at a 

quicker rate than ColEl plasmid treated with KL16 protein extract. 

Also shown in fig. 47 are experiments carried out with undamaged 

ColEl plasmid, but the results obtained were similar to those shown 

for damaged plasmid DNA.

In order to test whether there were any differences in the 

efficiency of plasmid relaxation over a longer time scale, colEl DNA 

was incubated with KL16 and SA270 total protein extracts and 

examined with agarose gel electrophoresis after 60, 180 and 300 

minutes incubation (fig. 48). Again no obvious difference in the 

amount or rate of formation of relaxed circular DNA was seen and the 

result was consistent for both PUVA-damaged and undamaged plasmid 

DNA.

It was interesting to note that an extra band of DNA appeared 

below the supercoiled form of the plasmid after 20 minutes 

incubation with protein extract from both SA270 and KL16. After 

300 minutes incubation a further band was detected. The precise 

nature of these moieties is unclear, but one possibility is that 

these bands represent single-stranded or partially digested DNA 

molecules formed by exonuclease activity. The ColEl plasmid forms 

relaxed open circles following endonuclease activity. This is the 

result of the production of a nick in one strand of DNA. Subsequent 

exonuclease action may remove bases to produce single-stranded DNA 

molecules. The formation of these DNA bands was no more efficient in
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the presence of protein extract obtained from SA270, suggesting that 

this particular enzyme activity was not responsible for PUVA hyper­

resistance in the mutant strain. Again, this phenomenon was observed 

with both PUVA-damaged and undamaged plasmid DNA. Further work is 

required to elucidate the precise nature of these molecular events.
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LANE 1 DAMAGED PLASMID ♦ KLl6  
O MINUTES.

2 DAMAGED PLASMID ♦ KLl6  
20 MINUTES

3 DAMAGED PLASMID ♦ KL16 
40 MINUTES

4 DAMAGED PLASMID + KLl6  
60 MINUTES

5 UNDAMAGED PLASMID + KL16 
O MINUTES

6 UNDAMAGED PLASMID ♦ KLl6  

20 MINUTES

7 UNDAMAGED PLASMID ♦ KL16 
40 MINUTES

8 UNDAMAGED PLASMID ♦ KLl6 
60 MINUTES

LANE 1 DAMAGED PLASMID + SA270 
O MINUTES

2 DAMAGED PLASMID ♦ SA270 
20 MINUTES

3 DAMAGED PLASMID ♦ SA270 
40 MINUTES

4 DAMAGED PLASMID ♦ SA270 
60 MINUTES

5 UNDAMAGED PLASMID ♦ SA270 
O MINUTES

6 UNDAMAGED PLASMID «■ SA270 
20 MINUTES

7 UNDAMAGED PLASMID ♦ SA270 
40 MINUTES

8 UNDAMAGED PLASMID ♦ SA270 
60 MINUTES

FIG.47. INCUBATION OF PUVA DAMAGED AND UNDAMAGED ColEl 
PLASMID WITH TOTAL PROTEIN EXTRACTS OF KLl6 
AND SA270 FOR 0 , 20 , 40 , AND 60 MINUTES.



mi
nu
te
s 

 
30
0 
mi
nu
te
s

SO

i \
♦ Q MQ  X

SOT-(
3

VO▼ H

♦
. Q

•f MQ X

O r> O  CM r>- •< cm to •<to

CM K> -3* IA

a aX o
5 g-J <CU Q

or,CM
<CM to

1 3 , 1 3  3 “■ £3 “•

3 0. Q 3
CM A  -41 IA

XHMt* QQ Z 
t - i  <

3 *a.
3 S
oSJ
§o
aE
<
oNCM<tO
h.0
to1 
itd
Z►HCx3
S1
S

3
a
Cl . i

8tA



7.3 Analysis of PUVA-damaged and undamaged X  DNA

following incubation with total protein 

extracts from strains SA270 and KL16

Since there was no indication of an enhanced relaxation 

efficiency when supercoiled ColEl plasmid DNA was incubated with 

total protein extract from the PUVA hyper-resistant mutant SA270, it 

was decided to perform similar experiments with PUVA-damaged and 

undamaged linear X DNA.

Fig. 49 shows that there was only slight degradation of the 

PUVA-damaged X DNA following incubation for 60 minutes with total 

protein extract from strain KL16. In contrast, total degradation was 

observed following incubation of PUVA-damaged X DNA with total 

protein cell extract from strain SA270.

Total protein extracts were prepared of repair-deficient mutant 

derivatives of SA270. Results showed that degradation of the X  DNA 

was more efficient when the 55kd protein was over-expressed in the 

cell. Protein extracts of recN, recJ and uvrC mutant derivatives of 

SA270 all showed over-expression of the 55kd protein, and degraded 

>vDNA • after 60 minutes incubation at 37°C. Protein extract

from the recF mutant derivative of SA270 caused wild type levels of 

XDNA degradation; since this strain had basal levels of the 55kd 

protein it was concluded that the 55kd protein plays some role in 

degrading the DNA (fig. 50).

To provide more evidence that the 55kd protein was involved in 

mediating XDNA degradation, XDNA was incubated with total protein 

extract from the PUVA hyper-sensitive mutant, JH110. After 

60 minutes incubation there was no degradation of X DNA (fig. 51).
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LANE 1 XDNA ♦ KLl6,0 MINUTES
2 XDNA + KL16.60 MINUTES
3 XDNA ♦ SA270.0 MINUTES
4 XDNA ♦ SA270.60 MINUTES
5 XDNA ♦ SA270.0 MINUTES
6 XDNA ♦ SA270.60 MINUTES

PIG.49* INCUBATION OP PUVA DAMAGED X  DNA WITH TOTAL 
PROTEIN EXTRACTS OP KL16 AND SA270 FOR O 
AND 60 MINUTES.



LANE 1 X DNA -KL16 ,0 MINUTES
2 X DNA k l i6,6o  m i n u t e s
3 XDNA SA270.0 MINUTES
4 X d n a SA270.60 MINUTES
5 XDNA JH110,0 MINUTES
6 X  DNA JH110,60 MINUTES
7 XDNA recFfSA270,0 MINUTES
8 X DNA recF SA270 60 MINUTES
9 XDN A racN SA270 0 MINUTES
10 X d n a r^cN SA270,60 MINUTES
11 X dn a r?cJ,SA270 0 MINUTES
12 X d n a r«cJ,SA270 60 MINUTES
13 X d n a uvrC SA270 0 MINUTES
14 X d n a uvrC tSA270(60 MINUTES
15 X dn a recA(SA270,0 MINUTES
16 X d n a recA(SA270,60 MINUTES

FIG.50. INCUBATION OF PUVA DAMAGED X  DNA WITH 
TOTAL PROTEIN EXTRACTS OF DNA REPAIR 
DEFICIENT MUTANT DERIVATIVES OF SA270 
FOR 0 AND 60 MINUTES.



LANE 1 UNDAMAGED A DNA + KL16 
O MINUTES

2 DAMAGED A DNA ♦ KLl6  
O MINUTES

3 UNDAMAGED A DNA ♦ SA270 
O MINUTES

4 DAMAGED X DNA + SA270 
O MINUTES

5 UNDAMAGED XDNA ♦ SA270 
0 MINUTES

6 damaged X d n a  ♦ SA270
0 MINUTES

7 UNDAMAGED XDNA + JH110 
0 MINUTES

8 DAMAGEDXDNA ♦ JH110 
O MINUTES

LANE 1 UNDAMAGED XDNA ♦ K Ll6  
60 MINUTES

2 DAMAGED X DNA ♦ KL16 
60 MINUTES

3 UNDAMAGED X DNA ♦ SA270 
60 MINUTES

4 DAMAGEDXDNA ♦ SA270 
60 MINUTES

5 UNDAMAGED XDNA ♦ SA270 
60 MINUTES

6 DAMAGEDXDNA ♦ SA270 

60 MINUTES

7 UNDAMAGED X DNA ♦ JH110 
60 MINUTES

8 DAMAGED \DNA ♦ JH110 
60 MINUTES

F IG .5 1 . INCUBATION OF PUVA DAMAGED AND UNDAMAGED

X dna v it h  t o t a l  p r o t e in  e xtr a c ts  o f k l i6,

SA270 AND JH110 FOR O AND 60 MINUTES.



It was also interesting to note that the same result was 

produced when the above experiments were also carried out in TE 

buffer alone. This suggested that the activity of the 55kd protein 

in mediating degradation of X  DNA was ATP and Mg2+-independent. 

Results obtained for undamaged X DNA were the same as for PUVA- 

damaged X DNA.

in order to determine whether or not 8-methoxypsoralen was 

binding to X  DNA, 3H-8-methoxypsoralen was added to a solution of 

XDNA and then irradiated with near ultraviolet light. PUVA-damaged 

XDNA was incubated for 60 minutes with total protein extracts from 

SA270, KL16, JH110 and all the repair mutant derivatives of SA270.

The DNA was then examined on an agarose gel. The gel was then dried 

and exposed to X-ray film for 3-5 days. Fig. 52 shows that 8- 

methoxypsoralen had indeed bound to X  DNA, and that protein extracts 

from strains over-expressing the 55kd protein degraded the DNA mo.re 

efficiently than protein extracts from strains with wild type 

expression of the 55kd protein.
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7.4 Purification of the 55kd protein using FPLC

Crude cell extracts were prepared as described in section 2.6.

Gel filtration techniques were used to exclude high and low 

molecular mass proteins (section 2,21) and fractions containing 

proteins with a molecular mass between lOkd and lOOkd were collected 

and pooled. The pooled fractions were freeze dried and concentrated.

This technique was performed on both strains SA270 and KL16.

Concentrated fractions containing a known amount of protein (section 

2,21) were loaded on to a monoQ 5/5 ion exchange column and the

proteins separated using a sodium chloride gradient. 0.5ml fractions

were collected every minute and retained on ice.

Using an ultraviolet light protein monitor, a scan of the

proteins eluted from the column was obtained (fig. 53). Profiles of 

proteins eluted from the KL16 and SA270 samples were compared and, 

since no assay for the 55kd protein was available, any peaks - showing 

a greater amount of protein in SA270 than in KL16 were noted. The 

corresponding fractions containing proteins in greater concentration 

in SA270 than in KL16 were collected and electrophoresed on a 10% 

SDS-Polyacrylamide gel. Fraction 25 was shown to contain the 55kd 

protein in an almost pure form (fig. 54).

This fraction was retained and used to treat PUVA-damaged and 

undamaged X  DNA for 60 minutes at 37°C. Agarose gel elecrophoresis 

showed that the 55kd protein did not mediate X DNA degradation in 

its purified form (fig. 55).

jj
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2 0 0  k d ____
I

kL16 SA270 F25

Purified 55Kd protein

FIG.54. SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS 
SHOVING THE 55Kd PROTEIN IN AN ALMOST 
PURE FORM.



LANE 1 X DNA ♦ KLl6,0 MINUTES
2 XDNA ♦ KL16,60 MINUTES
3 XDNA ♦ 55Kd PROTEIN, 0 MINUTES
4 XDNA ♦ 55Kd PROTEIN, 60 MINUTES
5 XDNA ♦ 55Kd PROTEIN,O MINUTES
6 X DNA ♦ 55Kd PROTEIN ,60 MINUTES

FIG.55- INCUBATION OF PUVA DAMAGED X  DNA WITH PURIFIED 
55Kd PROTEIN FOR O AND 60 MINUTES.



7.5 Discussion

Analysis of PUVA-damaged ColEl plasmid DNA on agarose gels 

following treatment with total protein extracts from SA270 and KL16 

showed that the supercoiled GolEl molecules formed relaxed open 

circles at the same rate. If strain SA270 had a more efficient 

endonuclease activity than wild type KL16, it would have been 

expected that plasmid relaxation would occur at a greater efficiency 

with total protein extract from the mutant bacteria. However, there 

was no obvious increased activity in strain SA270 causing such an 

effect. Since the same result was obtained using undamaged plasmid 

DNA treated with protein extract from SA270 and KL16, it was 

concluded that there was also no difference in activity that was 

specific for repairing 8-methoxypsoralen crosslinked DNA,

Apart from the formation of relaxed circular DNA, two extra 

bands were observed below the supercoiled DNA band following 

incubation of plasmid with total protein extracts. These bands were 

formed at the same rate following incubation with either the KL16 or 

SA270 protein extracts and may represent single-stranded or 

partially digested DNA molecules formed by the action of non­

specific exonucleases following relaxation (nicking) of the DNA by 

endonucleases. It was clear, however, that strain SA270 did not 

appear to have any increased exonuclease activity in this 

experiment. A similar result was obtained for undamaged colEl DNA 

treated with total protein extracts, suggeting that the proposed 

exonuclease activity observed was not specific for PUVA-damaged DNA.

In contrast, X  DNA damaged with PUVA was degraded by total 

protein extract from strain SA270 with greater efficiency than with
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total protein extract from KL16. It is proposed that this phenomenon 

was dependent on the presence of the 55kd protein, since protein 

extract from the PUVA hyper-sensitive mutant JH110 did not degrade 

the X  DNA. Protein extracts prepared from DNA repair-deficient 

mutant derivatives of SA270 showed that digestion of X  DNA was more 
efficient when the 55kd protein was over-expressed.

The precise role of the 55kd protein in repairing DNA

crosslinks remains a matter for hypothesis. X  DNA did not show any 

degradation following incubation with purified 55kd protein,

suggesting that the protein itself does not have any activity. It is 

possible that the protein has lost activity during the purification 

procedure. The protein could

therefore be a subunit of a protein complex specific for incision of 

DNA containing crosslinking damage. Considering the phenotype of the 

uvrC mutant derivative of SA270, and the fact that DNA was 

degraded when incubated with protein extract from this strain, it 

can be proposed that the 55kd protein may form a complex with the 

UvrA and UvrB proteins that is specific for mediating incision of 

DNA containing crosslinks. Against this hypothesis is the fact that 

no enhanced endonuclease activity was observed when colEl plasmid 

DNA was treated with total cell extract, but this could be due to 

the conformation of the plasmid not allowing strand incision to 

occur. However, this result cannot be entirely dismissed and perhaps 

suggests another role, besides endonuclease activity, for the 55kd 

protein in DNA crosslink repair.

Several possible alternatives can be suggested. Degradation of 

DNA was only observed when total protein extract from a strain 

over-expressing the 55kd protein was incubated with X DNA molecules.
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Since X  DNA is a linear molecule with double-strand overlapping 

ends, this may provide a clue as to the biological role of the 55kd 

protein. Zhen et al. (1986) proposed that E.coli may have a 

recombination-independent mechanism for the repair of DNA crosslinks 

as the cells used in their experiments were not thought to contain 

homologous DNA to a psoralen crosslinked plasmid. These authors 

hypothesised that recombination-independent repair of crosslinks 

could be mediated by a glycosylase which would remove the DNA damage 

and produce two apyrimidinic sites (fig. 56). It was also proposed 

that full fidelity of the repair could be obtained when the 

pyrimidinic sites were excised (3*->5’) and gap-filled in succession, 

one strand at a time, thereby avoiding double strand scissions. It 

can therefore be proposed that the 55kd protein may be involved in 

recombination-independent repair, where it could have any one of a 

number of roles.
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One of these putative roles could be as a DNA unwinding enzyme 

making crosslinks more accessible to enzymes, such as the 

glycosylase proposed by Zhen et al. (1986), that is. able to incise 

the DNA diadduct. Perhaps X  DNA is degraded because the double 

strand ends allow the 55kd protein to unwind the DNA in a similar 

way as the protein product of the rep gene (Bridges & Von Wright, 

1981). Since plasmid DNA does not have exposed double strand ends 

the protein may not be able to function in this way. However, the 

experiments in this Chapter demonstrated that the X  DNA molecules 

were completely digested when incubated with total protein extract 

from strains over-expressing the 55-kd protein, perhaps suggesting 

that the protein may play a more critical role in actual removal of 

DNA damage. It is however, possible that enhanced DNA unwinding may 

mediate exonuclease activity in damaged or undamaged X DNA which may 

account for the phenomenon observed.

At this point it is particularly interesting to note that the 

puvR mutation maps within 0.2 minutes of the grpE gene on the E.coli 

chromosome. This g'ene, comprising 1,582 base pairs, encodes a 25kd 

heat shock protein (Lipinska et al., 1988) which is inducible by 

mitomycin C (R. Lloyd, personal communication). The grpE gene 

product is involved in phage X  replication and host DNA synthesis. 

It is thought to control DnaK protein activity, which appears to 

function during a prepriming step in DNA replication, a step that 

involves the transfer of DnaB helicase on to single-stranded DNA 

near to the origin of replication. The possibility that the 55kd 

protein could be involved in phage X DNA. processing cannot be ruled 

out.
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It is unlikely that the 551cd protein is the putative 

glycosylase enzyme required in recombination-independent DNA 

crosslink repair, since the digestion of undamaged DNA is also 

more efficient when incubated with total protein extract from SA270.

The protein may, however, have endonuclease or exonuclease activity 

in conjunction with other proteins. As hypothesised by Zhen et al.

(1986), a glycosylase could remove DNA crosslinking damage and 

putative endonucleases may then nick the DNA at unknown sites. It is 

unlikely that the 55kd protein is an endonuclease of this type since 

no elevated endonuclease activity was observed with purified protein 

or when total protein extract from SA270 was added to plasmid DNA.

Zhen et al. (1986) proposed that this endonuclease activity may be 

independent of the UvrABC endonuclease; indeed a study by Sladek etal. 

(1988) found a Mg2+-independent activity that was able to process 

psoralen damage under conditions when the UvrABC system would be 

inoperative. It is interesting to note that degradation of X  DNA by 

protein extract from SA270 was ATP and Mg2+-independent, possibly 

suggesting that UvrABC-independent endonucleases may produce 

incisions in the DNA.

Zhen et al. (1986) hypothesised that, following formation of 

two apyrimidinic sites in the DNA, exonuclease activity was 

required to remove the secondary damage. The 55kd protein may have 

a similar exonuclease activity initiated by strand breaks in DNA 

induced by unidentified endonucleases. It can be hypothesised that 

this endonuclease activity may not be present in in vitro tests, 

explaining why ColEl plasmid DNA is not digested in the same way as
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XDNA. With X DNA, exonuclease activity could be permitted by the

presence of double strand ends, so that digestion proceeds whether

or not there is DNA damage. Such an exonuclease could have or

5’-►S’ activity and could be uncontrolled in vitro (section 1.7B). It 

is not clear why the purified 55kd protein cannot act on its own, 

but this suggests that it is dependent on other proteins for its

activity (i.e. in a similar way to the RecBCD proteins). It will

clearly be important to elucidate the details of the UvrABC 

recombination-independent repair mechanism before any further 

attempts can be made to determine whether the 55kd protein over­

expressed in SA270 has a major role in a novel crosslink specific 

repair pathway.
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The primary aim of this project was to study a mutant strain of 

E.coli K12 (SA270) that exhibited hyper-resistance to PUVA-induced

DNA damage. Studies using a variety of DNA-damaging agents showed 

that SA270 was also resistant to other DNA-crosslinking agents 

besides PUVA, but not to monofunctional DNA damaging agents. It was 

therefore concluded that the mutant strain had developed a mechanism 

by which it could repair or protect itself more efficiently than the 

wild type strain from the lethal effects of crosslink DNA damage. 

Over-expression of the 55kd protein was shown to play a major role 

in conferring PUVA hyper-resistance in SA270. This conclusion was 

supported by the mapping studies which showed that the responsible 

mutation, located at 57.2 minutes on the E.coli chromosome, 

concomitantly caused constitutive expression of the 55kd protein 

and conferred PUVA hyper-resistance.

From the evidence presented in this thesis it was concluded 

that the 55kd protein was not involved in regulating the uptake of 

psoralen or other crosslinking agents into the bacterial cell. It is 

therefore proposed that the protein is involved in enhancing the 

efficiency of a DNA repair pathway. Complementation analysis showed 

that the wild type allele was dominant in trans in a partial 

diploid. This implied that expression of the 55kd protein was 

negatively regulated. Ahmad & Holland (1985) proposed that the RecA 

protein had a regulatory effect on the expression of the 55kd 

protein and hypothesised that the 55kd protein was likely to be 

inducible by DNA crosslinking damage. The results in this thesis 

were, however, unable to demonstrate induction of the protein 

following exposure to mitomycin C. Perhaps induction of the protein 

is not directly determined by the crosslinking damage, but by some
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indirect response of the cell to such damage. A similar indirect 

response has been implicated in the repair of oxidative DNA damage 

(Demple, 1990). It was, however, clearly apparent from the results 

in this thesis that the recF gene product is involved in regulating 

expression of the 55kd protein. The recF mutant derivative of SA270 

was sensitive to PUVA and expression of the 55kd protein returned to 

what appeared to be wild type basal levels. It was not clear whether 

the recA gene product was also involved in regulating expression of 

the 55kd protein, since cotransduction may have taken place between 

the recA gene and puvR*. However, in an experiment showing induction 

of the RecA protein, no induction of the 55kd protein was detected, 

suggesting that the recA gene is not directly involved in 

controlling expression of the puvA gene. Further studies will be 

required to finally elucidate the mechanism by which expression of 

the 55kd protein is regulated.

From the sensitivity of the recF, recN, recA, uvrA, uvrC and 

recBC mutant bacterial strains to PUVA, it can be postulated that 

both excision repair and post replication recombination repair 

operate to repair psoralen adducts in DNA. From the results in this 

thesis, it can be proposed that, in wild type E.coli^ psoralen- 

induced DNA damage is repaired by three major pathways:-

(i) uvrABC-mediated excision repair; (ii) recBC-dependent; and 

(iii) recF-dependent post replication recombination repair. In 

addition to these mechanisms, it is proposed that there may exist a 

further pathway, perhaps showing glycosylase activity, which may 

involve the 55kd protein in an, as yet, unknown role. It is 

suggested that this pathway is specific for repairing DNA 

crosslinks. Experiments with XDNA suggested that strain SA270 may
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have an enhanced exonuclease activity compared to wild type KL16. It 

is interesting to note that nuclease activity is still elevated in a 

uvrC mutant derivative of SA270. Alternatively, it

can be proposed that the 55kd protein might form part of the UvrAB 

protein complex, thereby rendering its endonuclease activity 

specific for DNA crosslinks. In order to clarify this point it would 

be necessary to carry out experiments using the 55kd protein, which 

shows no endonuclease ability on its own, in association with other 

gene products such as the UvrA and UvrB proteins.

The results described in this thesis have considerably expanded 

knowledge of the way in which the mutant strain SA270 has developed 

a crosslink specific hyper-resistant phenotype. Many interesting 

questions have been answered, but at the same time the complexity of 

the system has also been demonstrated. It would be interesting to 

sequence the puv gene region of the E.coli chromosome and study the 

regulation and transcription of the puvA gene in a more detailed 

way. It would also be particularly important to study further the 

biological role of the 55kd protein and decipher its relationship 

with PUVA-damaged DNA at a molecular level by elucidating possible 

protein-DNA interactions. In the long term, a search for an 

analogous gene and gene product in eukaryotic cells might have 

subsequent implications for PUVA therapy in humans.

There is still much to be learned about DNA repair mechanisms 

in E.coli and higher organisms. Current knowledge indicates that 

E.coli has evolved many sophisticated and inter-linked repair 

processes, one of which involves the 55kd protein, in order to 

protect its genetic integrity and ensure its survival when exposed 

to DNA crosslinking agents. The work described in this thesis has

- 198 -



provided an insight into the complexities of the repair of PUVA 

induced DNA damage. Studies of this type although carried out in 

prokaryotes, can add considerably to an understanding of molecular 

mechanisms for mammalian DNA repair. Already human excision repair 

genes ERCC-1, 3 and 6 have been cloned (Hoeijmakerset al., 1990) and 

their protein products been demonstrated to have striking 

evolutionary similarities with the RAD proteins of yeast and, in 

part, with the UvrA and UvrC proteins of E.coli. Wood (1990) 

reported that protein extracts from human cell lines can perform 

repair synthesis in plasmid DNA damaged with PUVA. Thus, when the 

purified E.coli UvrABC proteins were incubated with PUVA-damaged 

plasmid DNA, extracts from human xeroderma pigmentosum cells were 

able to complete repair. (Xeroderma pigmentosum syndrome is a 

disease where the ability to tolerate DNA damage is lost,) Clearly 

the work carried out on excision repair in E.coli may enable the 

basis of the condition to be elucidated. Similarly, the mutant 

strain SA270 still has much to offer towards gaining an 

understanding of the mechanisms involved in the repair of PUVA 

induced DNA damage. It is hoped that the work described in this 

thesis will provide a secure basis for further studies of this 

complex repair system.

Addendum

Following completion of the work described in this,thesis, 
additional experiments performed by other workers (S.I.Ahmad, 
personal communication) have indicated that the 55kd protein is 
inducible following treatment with MMC at high concentrations 
and prolonged subsequent incubation (up to 5 hours).
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This appendix contains details of the calculations performed to 

determine certain parameters referred to in the main section of this 

thesis.

1. Calculation of intensity of ultraviolet lamps used in this 

project.

The intensities of the near ultraviolet and and far ultraviolet 

lamps used in this study were calculated using a radiometer 

UVX-25 (UV-Products Ltd). The reading on the meter was measured 

in mW/cm2.

Example of calculation:

the meter reading was 9.2 mW/cm2

to convert this into mW/m2

9.2 x 100 x 100 = 92000mW/m2

lmW = _1__ W
1000

Therefore 92000 mW/m2 = 92 W/m2 

1 watt = 1 joule/sec 

Therefore 92 w/m2 = 92 J/sec/m2

Therefore in 10 secs the ultraviolet lamp emitted 

920 J/m2

2. Calculation of map distance using cotransduction 

frequencies and the formula devised by Wu (1966).

Cotransduction frequency = (1 - d/L)3
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where

d = distance between the selected and unselected markers 

in minutes.

L = represents the size of the transducing DNA fragment in

minutes. The value of 2 is used.

Calculation of a confidence interval for each 

cotransduction frequency obtained.

Considering each recombinant as an independent trial (total of 

n independent trials) with a probability p of '’success” (i.e. 

cotransfer of unselected marker) and a probability of (1—p) of 

"failure" (i.e. no cotransfer) the confidence interval for each 

postulated map position was calculated.

If n >30, the number of "successes", x, has a distribution 

which is approximately normal. If x "successes" are observed in 

n trials (where n > 30), the estimated standard error of the

observed sample proportion (p = x/n) is therefore /[p(l-p)/n] 

and a confidence interval for p is p ± z(a)/[p(l-p)/n], where 

±z(a) are the a% points of the normal distribution curve.

Example.

In the experiment designed to map the puvR gene mutation, the 

following data were obtained.

No. of transductants tested(recombinants) = 129

No of puvR’tyrA* transductants = 53

Therefore observed p = 53 = 0.41
129

The estimated standard error observed
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= VCp{l-p)/n]

= /[O.41(1-0.41)/129]

= 0.043

±z(a) = 1.96 for 95% confidence and therefore a 95% confidence 

interval for p = p ± z(a)/[p(l-p)/n] = p± 1.96 x 0.043 = 

p±0.084.

Therefore the cotransduction frequency between tyrA+ and puvR = 

41% ± 8.4%.

This can be converted to map distance using the formula of 

Wu(1966).

A cotransduction frequency of 41% = map distance of 0.51 mins.

A cotransduction frequency of 41% + 8.4% = 49.4% which is equal 

to a map distance of 0.41 mins.

A cotransduction frequency of 41 - 8.4% = 32,6% which is equal 

to a map distance of 0.62 mins.

Therefore the position of the puvR gene mutation on the E.coli 

chromosome was calculated to be 57.2 mins ±0.1 min.

puvR~
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-1___

i i i  i
tyrA nalB



4. Calculations used in radio-labelled 8-methoxypsoralen uptake

experiments and radio-labelling of X  DNA

a. 8-methoxypsoralen is added to 1ml of cells at a final

concentration of lOpM (molecular mass of 8-methoxypsoralen =

214 ).

lOpl 3H-labelled stock solution (Amersham), containing 25.68ng 

3H-8-methoxypsoralen, was added to 90pl of a solution

containing 0.47 mg unlabelled 8-methoxypsoralen/ml. The lOOpl 

mixture therefore contained a total of 42.325pg, or 

197.78nmols, of 8-methoxypsoralen.

5pl of this stock was added to 1ml of cells (lmg dry weight 

resuspended in minimal medium) in the incubation chamber. This 

gave a final concentration of~10pM 8-methoxypsoralen.

In a control experiment 5pl of stock (lOpl labelled plus 90 pi 

of unlabelled 8-methoxypsoralen) was added to 1ml minimal

medium. The amount of radioactivity in lOOpl of this stock was 

determined and a mean value of 29,000 cpm recorded.

In 5pl of stock there was 2.11pg of 8-methoxypsoralen 

equivalent to lOnmols.

Therefore the lml incubation mixture also contained lOnmols of 

8-methoxypsoralen and in a lOOpl sample (incubation mixture) 

there was lnmol or 0.21tyg of 8-methoxypsoralen.

Since each lOOpl sample generated 29,000 cpm = lnmol, the 

specific activity = 29,000 cpm/nmol.

- 204 -



b. A stock solution of 3H-8-methoxypsoralen plus unlabelled 8- 

methoxypsoralen was prepared as described in 4.a. 5pl of this 

stock was added to 1ml XDNA incubation mixture prior to near 

ultraviolet light irradiation to give a final concentration of 

lOpM 8-methoxypsoralen.

5, Calculation for FPLC

Fig. 57 shows a typical trace produced by FPLC showing the 

elution peaks for proteins of known molecular mass. From the 

data the retention time (kav) of each protein was calculated.

(a) Calculated kav for proteins of known molecular mass

Bovine serum albumin (BSA) (66kd)

Vo = 0.2 mis x 33.34 

= 6.668 mis 

Vt = 24 mis

V e = 55.37 x 0.2 = 11.074

kav = 11.074 - 6.668 = 0.254
24 - 6.668

Ovalbumin (43kd)

Vo = 6.668

Vt = 24

Ve = 11.845

kav = 11.854 - 6.668 = 0.299
24 - 6.668
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Cytochrome C (12.5kd)

Vo = 6.668

Vt = 24

Ve = 17.69

kav = 17.69 - 6.668 = 0.635
24 ~ 6.668

A graph of logio molecular mass against kav was constructed 

(fig. 58). From the graph the molecular mass of an unknown 

protein with a known retention time could be estimated.

(b) Fig 59 shows a laboratory record showing the parameters 

used in the experiment described in section 2.21.
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Appendix XX

Study of an E.coli mutant 

hyper-resistant to a number of

DNA damaging agents
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1. Background

During this project studies were also carried out on a mutant 

of E.coli that was hyper-resistant to far ultraviolet light and a 

number of other DNA damaging agents. These investigations were 

peripheral to the main subject of this thesis, but are included in 

this Appendix for the benefit of the interested reader.

Ahmad et al. (1980) isolated a far ultraviolet light hyper- 

resistant strain, SA236, and showed that it was also resistant to 

thymineless death, mitomycin C, nalidixic acid and fluorouracil 

compared with its parent wild type strain KL14. Strain SA236 was not 

resistant to hydrogen peroxide or chloramphenicol. It was proposed 

that, since SA236 had enhanced resistance against various DNA 

damaging agents, the mutant cells might be able to repair DNA damage 

more efficiently than the wild type strain KL14. Ahmad et al. (1980) 

assayed for activity of six repair enzymes: DNA polymerase I,

exonuclease I, exonuclease II, exonuclease III, endonuclease I and 

DNA ligase in both the mutant and wild type strain. In SA236 DNA 

polymerase activity was increased 35 fold and endonuclease I 

activity was increased 12 fold compared with wild type KL14. It was 

suggested that the large increase in expression of these enzymes 

might result in a more efficient repair mechanism for damage caused 

by a variety of agents, As already discussed in Chapter 1, the DNA 

polymerase I protein is involved in replacing missing bases in DNA 

strands during excision repair, post replication recombination 

repair and SOS repair. Endonuclease I, a major cellular protein, is 

able to degrade DNA excised from the damaged molecule. Consequently, 

free bases can be incorporated back into newly synthesised DNA.



In a more recent study, Ahmad & Van Sluis (198 7) further 

examined the mutant SA236 to elucidate why the strain had become 

hyper-resistant to far ultraviolet light. Genetic analysis showed 

that SA236 carried at least two mutational sites, one conferring far 

ultraviolet hyper-resistance on the cell (designated uvh) and the 

other conferring far ultraviolet hyper-sensitivity (designated uvs) 

on the cell. It was proposed, as a result of experiments carried out 

to study the regulation of the poll gene, that the gene product of 

the uvh gene was responsible for repression of the poll operon in 

E.coli. A mutation in the uvh gene resulted in either inactivation 

or reduced activity of the gene product, with a consequent increase 

in the levels of polymerase I. Ahmad & Van Sluis

(1987) introduced a recombinant plasmid carrying the DNA sequence 

from the poll promotor region linked to the galK structural gene 

into the mutant strain SA236. As a result of this experiment, the 

levels of galactokinase were higher in SA236 than those observed in 

wild type KL14. In addition, it was proposed that the poll gene may 

have two putative promoter regions and two operator regions which 

are affected by different repressor proteins.lt was elucidated that 

one promoter region was repressed by the DnaA protein, whose 

function is to initiate a new round of replication in E.coli, since 

a plasmid with a dna box deleted showed no repression ofthe poll 

gene in a wild type strain, The second promoter region was 

presumably repressed by the gene product of the uvh gene and, as a 

result of a mutation in this gene, polymerase I is expressed 

constitutively. Other data (Ahmad & Van Sluis, 198 7) showed that the 

mutation in the gene (uvs) conferring far ultraviolet hyper­

sensitivity on the strain had no effect on the activity of the poll
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promoters, and it was proposed, therefore, that the uvs mutation in 

SA236 had no significant role in regulating the poll gene.

In the study outlined in this Appendix, experiments were 

carried out to confirm some of the results obtained for strain SA236 

with regard to its resistance to other DNA damaging agents. 

Experiments were also performed to map the mutational sites 

responsible for the far ultraviolet hyper-resistant and hyper­

sensitive phenotypes of SA236.

2. Results

Strains SA236 and KL14 were tested against a range of DNA 

damaging agents using the disc sensitivity method (section 2.4). 

Treatments involving ultraviolet light irradiation were carried out 

using the plate exposure method (section 2.4). As in the main body 

of this thesis, a range of DNA damaging agents causing both single­

strand and crosslinking damage were chosen for the tests.

A. Sensitivity of strains SA236 and KL14 towards DNA damaging

agents.

Table 11 shows that strain SA236 was more resistant to 

mitomycin C, hydrogen peroxide and fluorouracil than its wild type 

parent strain KL14. Survival curves were produced for strains SA236 

and K114 following exposure to mitomycin C and hydrogen peroxide to 

confirm the disc sensitivity results in a quantitative manner 

(figs. 60 & 61). SA236 was no more resistant to near ultraviolet

light than KL14 in the given dose (fig. 62), but when exposed to near 

ultraviolet light plus a low concentration of hydrogen peroxide, the 

mutant strain was more resistant than its parent strain (fig. 63) .
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The far ultraviolet light hyper-resistant phenotype of SA236

was confirmed by comparing its survival curve with that of KL14

(fig. 64): resistance to 8-methoxypsoralen plus near ultraviolet
light was also determined (fig. 65). The results showed that the mutant

strain was more resistant to PUVA than its parent strain KL14.
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Table 11

Sensitivity of SA236 and KL14 towards DNA damaging agents

DNA damaging agent

Mean zone of inhibition (mm) 

SA236 KL14

Mitomycin C 25 32
(50pg/ml)

Hydrogen peroxide 14 17

Fluorouracil 18 21
(lmg/ml)
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B. SDS-Polyacrylamide gel electrophoresis of total cell 

extracts from SA236 and KL14.

Total protein extracts were prepared from strains SA236 and 

KL14 as described in section 2.6, The proteins were electrophoresed 

on a 10% SDS-Polyacrylamide gel for 5 hours at 30mA constant 

current. From the results obtained (fig. 66), it was observed that a 

protein of approximately 23kd molecular mass had reduced expression 

in the SA236 protein extract compared to wild type levels of 

expression in KL14. It is interesting to note that this protein is 

of a similar molecular weight to the LexA protein and that other 

workers have observed this phenomenon in strain SA236 (S.I. Ahmad, 

personal communication).
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C. Fine genetic mapping of the uvh and the uvs genes 

using PI transduction.

Preliminary experiments have shown that both of these 

mutational loci were cotransducible with the argECBH operon and were 

therefore located in the 88 to 90 minute region on the E.coli 

chromosome. (Ahmad & Van Sluis, 1987), Using PI transduction the 

mutational loci were precisely mapped.

(i) PI transduction using SA236 as a donor strain and

AT753 as a recipient strain.

Phage PI was grown on SA236 (uvh, metB*, argE*) and used to

transduce AT753 (uvh*, metB, argE) selecting for metB* colonies. The

transductants were tested for their arg and far ultraviolet

phenotypes. Data showed that the cotransduction frequency between

argE and metB was 30% ± 9.4% and between metB and uvh was

11% ± 6.4%. Using the formula of Wu (1966), the uvh mutation was

located at 90.04 ± 0.16 minutes on the E.coli chromosome. 
Cotransduction of the UVS allele from SA236 was not taken into account.
(ii) PI transduction using SA236 (rifampicin-R) as a donor

and AB2569 as a recipient.

Phage PI was grown on a rifampicin-resistant derivative of 

SA236 (rpoB, uvh, metA*) and used to transduce SA2569 (rpoB*, uvh*, 

metA), selecting for met* colonies. The transductants were tested 

for their resistance to rifampicin and far ultraviolet light

phenotype. Data showed that the cotransduction frequency between 

rpoB and metA was 35% ±8.9% and between metA and uvh was

32% ± 8.7%. Using the formula of Wu (1966) the uvh mutation was 

located at 89.8 ± 0.1 minutes on the E.coli chromosome.
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It has been suggested by S.I. Ahmad (personal communication), 

that the uvs mutation maps at approximately 88.5 minutes on the 

E.coli chromosome. The following transduction experiment was

therefore carried out to map its precise location.

(iii) PI transduction using SA305 {uvs) as a donor and

SA273 as a recipient.

Phage PI was grown on SA305 {uvs, metB, argB+) and used to 

transduce SA273 {uvs+, metB*, argB) selecting for arg+ colonies. 

Transductants were tested for their met phenotype and for their far 

ultraviolet light phenotype. Data showed that the cotransduction 

frequency between argB and metB was 35% ±9.3% and between argB and 

uvs was 40% ± 9.6%. Using the formula of Wu (1966) the position of 

the uvs mutation was located at 89.1 ± 0.1 minutes on the E.coli 

chromosome.

Data from the cotransduction experiments is summarised in

table 12 and postulated map positions are shown in fig. 67.
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Table 12

Fine structure genetic mapping of the uvh and uvs genes 
using PI transduction

Results of typical transduction experiments to map the uvh and uvs 
genes. See text for details of each experiment.

A. Transduction Data
argE* argE~ argE* argE~

Donor Recipient metB* uvh~ uvh~ uvh* uvh*

SA270 AT753 90 4 6 23 57

Cotransduction frequency between metB and argE = 30%±9.4% (95% Cl)

Cotransduction frequency between metB and uvh = 11%±6.4% (95% Cl)

B. Transduction Data
rpo~ rpo* rpo- rpo*

Donor Recipient metA* uvh~ uvh~ uvh* uvh*

SA236 AB2569 110 12 24 27 4

Cotransduction frequency between metA and rpo = 35%±8.9% (95% Cl)

Cotransduction frequency between metA and uvh = 32%±8.7% (95% Cl)

C. Transduction Data
metB" metB+ metB* metB*

Donor Recipient argB* uvs~ uvs~ uvs* uvs*

SA305 SA273 100 5 35 30 30

Cotransduction frequency between argB and metB = 35%±9.3% (95% Cl)

Cotransduction frequency between argB and uvs = 40%±9.6% (95% Cl)
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D. Discussion

As shown by Ahmad et al. (1980), strain SA236 is more resistant 

to certain DNA damaging agents than its wild type parent strain 

KL14. Interestingly, SA236 was resistant to all the DNA damaging 

agents tested in this study apart from near ultraviolet light. Ahmad 

et al. (1980) showed an increased activity of polymerase I and

endonuclease I in strain SA236 and, considering their known roles in 

repair mechanisms, it is not surprising that their enhanced 

expression makes DNA repair more efficient.

As already described, the UvrABC incision complex is the major 

incision enzyme for both monofunctional and difunctional DNA damage. 

DNA damaging agents, such as far ultraviolet light, give rise to 

pyrimidine dimers which are recognised and incised by the UvrABC 

complex. It has been shown in vitro that the DNA-protein complex 

produced by the the UvrABC endonuclease is very stable and that the 

turnover of the UvrA protein is limited (see Chapter 1). The 

production of UvrD and DNA polymerase I (which is over-expressed in 

SA236 ) alters the stability of the endonuclease complex and has a 

significant effect on the DNA incision events (Husain et al., 1985). 

However, the complete reaction involving the UvrABC and D proteins 

plus DNA polymerase I is not associated with an increased initial 

rate of incision (Husain et al., 1985), although in SA236 the 

efficiency of this reaction may be increased. Having stimulated the 

release of 12 to 13 bases, in a damage-containing DNA fragment, the 

DNA polymerase enzyme mediates the synthesis of DNA in the resulting 

gap (Caron et al., 1985), Presumably, endonuclease I activity is 

increased in strain SA236 to deal with the large amounts of excised 

DNA produced by an enhanced repair mechanism.
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Strain SA236 was more resistant than its parent strain KL14 to 

mitomycin C and PUVA, both of which are DNA damaging agents which 

induce DNA crosslinks. Jones & Yeung (1988) showed that the uvrABC 

endonuclease was absolutely necessary for the incision step in the 

crosslink repair mechanism proposed by Van Houten et al., (1986b) 

and that the involvement of DNA polymerase I in association with the 

UvrD protein was necessary to stimulate the release of the 

endonuclease complex from DNA. DNA polymerase I is also important in 

post replication recombination repair, a feature of crosslink repair 

that is necessary for mediating synthesis of DNA strand gaps. Again, 

it is therefore not surprising that enhanced expression of 

polymerase I leads to increased efficiency of the DNA crosslink 

repair mechanism.

The result obtained in this study confirmed that SA236 was 

resistant to 5-fluorouracil. This compound is incorporated into DNA 

as fluorodeoxyuridylate and fluorodeoxycytidylate and, although the 

damage caused by 5-fluorouracil can be removed by direct action of 

uracil-DNA glycosylase, it can also be indirectly removed during 

base excision repair of uracil containing regions. Warner & 

Rockstroh (1980) have shown that the exonuclease III enzyme, which 

has an associated endonuclease activity that is specific for 

apurinic and apyrimidinic sites in DNA, can directly mediate the 

excision repair of 5-fluorouracil-induced DNA damage. They proposed 

that the repair synthesis of DNA is mediated by the action of DNA 

polymerase I. Interestingly, in SA236 the activity of 

exonuclease III was increased two-fold (Ahmad et al., 1980) and may 

account, in association with the enhanced activity of DNA

- 229 -



polymerase I, for the increased resistance of mutant strain SA236 to 

5-fluorouracil-induced DNA damage.

The results obtained with hydrogen peroxide were not in 

agreement with those reported by Ahmad et al. (1980). These authors 

stated that strains SA236 and KL14 were equally sensitive to 

hydrogen peroxide. Since survival curves are more sensitive than 

disc sensitivity tests, it is suggested that the method used by 

Ahmad et al. (1980) to expose the strains to hydrogen peroxide may 

be the cause of such discrepancies. The present study found that 

SA236 was more resistant to hydrogen peroxide than the wild type 

strain KL14. Hydrogen peroxide is known to have several effects on 

DNA. Hagensee & Moses (1989) showed that hydrogen peroxide causes 

strand cleavage of DNA and induces a repair response involving DNA

polymerase I and DNA ligase. They reported that two repair pathways 

existed for the repair of hydrogen peroxide-induced damage; one 

pathway utilises DNA polymerase I alone, or with other unknown 

components, while the other utilises endonuclease III, DNA 

polymerase III and DNA polymerase I. In an earlier study,

Ananthanswamy & Eisenstark (1977) showed that a strain carrying a

mutation in the poll gene, which controls the synthesis of the DNA

polymerase I protein, was considerably more sensitive to the 

effects of hydrogen peroxide compared to its wild type parent 

strain. They proposed that DNA damage, in the form of single-strand 

breaks, is not efficiently repaired in mutants lacking poll gene 

activity. Hagensee & Moses (1986) concluded that damage caused by 

hydrogen peroxide is of a DNA incision nature, and that resynthesis 

of DNA following hydrogen peroxide treatment demonstrated a strict 

requirement for DNA polymerase I. The increased level of
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polymerase I, and probably exonuclease III, observed in the mutant 

strain SA236 could account for the resistance of the mutant towards 

hydrogen peroxide.

The given dose of near ultraviolet light had no significant effect on 

the survival of SA236 and KL14. This is somewhat surprising since

damage induced by near ultraviolet light is of a similar nature to 

that produced by hydrogen peroxide. Near ultraviolet light in the 

presence of oxygen is known to yield hydrogen peroxide as a toxic 

photoproduct (Ananthaswamy & Eisenstark, 1977) which, as already 

described, produces single-strand breaks in DNA. Following exposure 

to near ultraviolet light, DNA polymerase I enzyme is responsible 

for repairing up to 80% of these breaks (Jagger, 1981).

One possibility as to why SA236 and KL14 were not killed by 

near ultraviolet light in the experiments described in this Appendix 

is that the lamp may not have emitted sufficient energy' at the

necessary wavelength (~365nm) to cause significant cell death. In

future experiments it may be important to use filters to exclude

wavelengths different from 365nm. An additional factor is that the 

dose rate of the near ultraviolet lamp used in this study was 

considerably lower than that used in other studies. Lang et al.

(1986) noted that the fluence rate was important in the observed 

effect of near ultraviolet light on E.coli, with a short exposure to 

a high intensity source having a different biological effect from a 

long exposure to a lower intensity source.

SA236 was more resistant than wild type KL14 to the combined 

effects of near ultraviolet light and hydrogen peroxide. As 

demonstrated in this study, near ultraviolet light alone, or low
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concentrations of hydrogen peroxide (lOmM), have little or no effect 

on the survival of the two strains, but when combined there is a 

synergistic killing effect mediated by the two agents. The 

synergistic killing effect of near ultraviolet light and hydrogen 

peroxide has been investigated previously. Hartman & Eisenstark 

(1978) demonstrated that the number of single-strand breaks in the 

DNA of wild type E.coli irradiated with near ultraviolet light 

following treatment with hydrogen peroxide was greater than the sum 

of the number of breaks caused by both damaging agents acting 

independently. Hartman & Eisenstark (1978) described a system which 

would quantitatively measure the degree of synergism between near 

ultraviolet light and hydrogen peroxide. The dose enhancement factor 

(D.E.F.) is calculated as the ratio between the dose required to 

reduce cell survival to 37% by near ultraviolet light alone and the 

dose required to reduce cell survival to 37% by near ultraviolet 

light and a given concentration of hydrogen peroxide. It'was not 

possible to calculate the D.E.F. for SA236 and K114 in this study, 

since no significant decrease in cell survival was obtained when the 

strains were treated with near ultraviolet light alone. 

Interestingly, Hartman & Eisenstark (1978) calculated the D.E.F, for 

a wild type strain as 16,4 and a poll mutant strain of E.coli as 

11.1. It was concluded that the results reflected the increasing 

importance of excisable lethal photoproducts in cell killing of the 

strains. From the result (fig. 63) obtained in this study, it can be 

concluded that polymerase I, exonuclease III and, perhaps to a 

lesser degree, endonuclease I may have a significant role in 

repairing DNA damage induced by near ultraviolet light plus hydrogen 

peroxide.
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Polyacrylamide gel electrophoresis of total cell protein from SA236 

and KL14 showed that the mutant strain had reduced levels of a protein of 

low molecular mass {fig. 66). This protein may be part of the SOS system. 

It is proposed that the mutation in the uvfc gene may have an effect 

on this control mechanism. It is suggested that the gene product of 

Uvh is a positive effector of the fex/i gene. In normal wild type 

conditions the LexA protein functions as an active repressor. In 

SA236 a mutation in the uvh gene causes the levels of LexA to drop 

and it can no longer act as a repressor molecule. Consequently 

gene expression under the control of the LexA protein is 

increased and repair efficiency of the cell is elevated.

Clearly, further research must be performed on the mutant 

strain SA236 in order to fully understand the mechanisms of repair 

at a genomic level. No attention has been paid to the recA gene and 

its role in SA236 and KL14, although preliminary experiments with 

recA derivatives of both strains have shown them to be very 

sensitive to various types of DNA damage (data not shown).

This aspect might reward further study since a distinction

between recA-repairable and recA non-repairable damage has been 

demonstrated in terms of near ultraviolet light and hydrogen

peroxide synergystic killing (Hartman & Eisenstark, 1978). Hagensee 

& Moses (1989) reported no direct role for the RecA protein in the 

repair of hydrogen peroxide damaged DNA, in contrast to Imlay & Linn

(1987). Obviously there is a need to clarify the involvement of 

different gene products in response to different types of DNA

damage.



Mapping data outlined in this Appendix suggested that the 

mutation responsible for conferring a far-ultraviolet light hyper- 

resistant phenotype to SA236 was located between 89.8 and 90 minutes 

on the E.coli chromosome. The location of the mutation conferring 

ultraviolet light hyper-sensitivity on the cell was mapped at 89 

minutes on the E.coli chromosome. Ahmad & Van Sluis (198 7) estimated 

that the distance between the uvh gene and the uvs gene was 1.5 

minutes. From the results obtained in this study the distance 

between the genes was estimated to be 1 minute on the E.coli 

chromosome. It is important to note that approximations and 

assumptions are made when applying the formula devised by Wu (1966) 

to PI transductions. It is assumed that the bacterial fragments 

transduced by PI are 2.0 minutes in length, although PI can actually 

accommodate up to 2.4 minutes. This can lead to error in determining’ 

the precise map positions of unknown genes. Wu (1966) also assumed 

that the transducing fragments are cut at random from bacterial 

chromosomes. The theoretical frequency of cotransduction of two 

markers is simply a function of the physical distance between the 

markers and of the consequent probability that both markers will be 

contained in the same fragment. Bachmann et al. (1976) noted 

different values for reciprocal cotransduction frequencies, 

suggesting that transducing fragments may not be produced randomly. 

The data of reciprocal crosses is therefore generally averaged to 

calculate a gene position. Obviously, more mapping data for the uvh 

and uvs genes must be produced.

In summary, the mutant strain SA236 shows a greater DNA repair 

efficiency than its wild type parent strain KL14. The strain carries 

two mutations: uvh which is ti'ans dominant and uvs which is trans
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recessive. The uvh mutation plays a part in determining the

ultraviolet phenotype of the strain, probably because its gene 

product is involved in regulating the poll structural gene and also 

the LexA protein. The part played by the uvs gene is unknown and 

requires further elucidation.
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