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CHAPTER 1 

GENERAL INTRODUCTION 

Since the establishment of the fact that ultraviolet (UV) light is harmful for 
organisms — a statement already made during the last century (98) -, many 
investigators looked for the origin of this effect. From the work with viruses, 
bacteriophages and especially from the study of transformation produced by 
isolated deoxynucleic acid (DNA), one could confirm the assumption alread-
y made by Gates (34), that DNA is the main site of damage induced by 
irradiation in living material (44, 98). 

Study of the nature of the damage in the DNA revealed that irradiation 
with ultraviolet light produces predominantly damage to the pyrimidine 
bases (98). The base damage mainly consists in the formation of the so-called 
cyclobutane-lype of pyrimidine dimers, products formed by the linking of 
two vicinal pyrimidine bases in the same DNA strand. Furthermore, pyrimi
dine adducts (111), hydrates of cytosine and of thymine (31), as well as 
crosslinks between bases and proteins have been described (98). Moreover, 
UV-light induces strand breaks in the DNA after very high doses (64). In 
contrast with this picture, ionizing radiation produces mainly chain breaks in 
the DNA (98), although damage to the DNA bases occurs also (39). 

It may be assumed that already during the early phases of life on earth the 
organisms have developed systems to counteract the harmful effects of expo
sure to ionizing or ultraviolet irradiation. For present day organisms photo-
reactivation, excision-repair and recombination-repair have been described. 

Photoreactivation means that illumination of the organisms with visible 
light, after exposure to ultraviolet, facilitates the repair of photoproducts 
that were induced by the ultraviolet light (49). The mechanism involves 
splitting in situ of the induced cyclobutane-type of pyrimidine dimers by an 
enzyme activated by visible light (81). Photoreactivation has been observed 
to occur in all lower organisms up to fish and amphibians (76), reptiles (77), 
birds (24) and primitive mammals like marsupials (25). However, the process 
could never be demonstrated for placentals (107). 

Apart from the repair by means of photoreactivation, another repair 
mechanism - active in the dark - , which acts by reconstruction of the 
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damaged DNA appeared to be present in bacteria, which is called excision-
repair or dark-repair In order to explain the restoration of UV-damaged 
DNA, as distinct to photoreactivation, Setlow and Carner (86) and Boyce 
and Howard-Flanders (8) have drafted a model which involves removal of the 
dimers from the bacterial DNA (see Figure 1 ) 

Figure 1 
Model of bacterial excision repair of 
lesions in the DNA The model exists of 
recognition of the lesion, incision near 
the damage, excision of the damage 
(dimer) in an oligonucleotide, repolymen-
zation with new deoxynbonucleotides, 
and finally rejoining of the break left L 
means a reparable lesion 

The model starts with the recognition of the lesion in the DNA and the 
formation of a nick in the damaged chain near the photoproduct by a 
specific UV-endonuclease. Next an exonuclease eliminates the incorrect part 
in a 5' to 3' direction, thereby leaving a single-stranded DNA-piece in the 
complementary cham Repolymenzation by a DNA polymerase follows in 
the same direction, using the intact chain as template Finally, the remain
ing nick is closed by joining a 5' phosphate group and a 3' hydroxyl end by a 
ligase The individual steps of the repair process incision (80, 88), excision 
of pyrunidme dimers (8), repair synthesis (70) and closure of the cham have 
been each demonstrated to occur in bacterial systems after irradiation with 
ultraviolet light 

Besides these two modes of repair, there exists another mechanism, name
ly recombination-repair (82), whose presence was demonstrated in bacterial 
cells This type of repair will not be discussed further, as its occurrence in 
higher orgamsms is not sure. 

Experiments have been carried out with mammalian cells to demonstrate 
excision-repair Unlike in bacterial systems, in mammalian cells no lines are 
known which are mutant for one of the enzymes involved in repair except 
for Xeroderma pigmentosum fibroblasts Patients suffering from the disease 
Xeroderma pigmentosum can develop lethal skin tumors following exposure 
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to ultraviolet light. The cells from patients with Xeroderma pigmentosum 
demonstrate in vitro a decreased ability to eliminate dimers from the DNA, 
and show after irradiation with ultraviolet light a lower repair synthesis and 
decreased survival in comparison with normal fibroblasts (21, 22). 

The similarity between excision-repair in bacteria and 'repair' in mammal
ian cells is mainly based on the observation of non-semiconservative incor
poration of thymidine into the DNA, correlated with the disappearance of 
thymidine dimers from the DNA. This has led to the general assumption that 
repair in mammalian cells — particularly following exposure to ultraviolet 
light — is basically the same as excision-repair in bacteria. However, repair in 
bacteria differs in many respects from the phenomena observed in mammal
ian cells. 
1 ) In contrast with excision-repair of damage induced by ultraviolet light in 

bacteria, repair as deduced from unusual incorporation of radioactive 
thymidine in mammalian cells is intensitive to caffeine (27, 74, 92). 

2) Repair in mammalian cells seems to be insensitive to hydroxyurea, in 
contrast with microbial cells (16, 17). 

3) Repair incorporation of radioactive thymidine is stimulated by previous 
partial substitution of the DNA thymine by bromouracil, unlike microbial 
repair (2, 72,94). 

4) During repair in mammalian cells there is no clearcut preference for incor
poration of thymidine over bromodeoxyuridine, as has been observed in 
bacteria (23, 45). 

5) Repair of the DNA in mammalian cells may involve incorporation of 
pyrimidine nucleotides, but not of purine nucleotides after irradiation 
with ultraviolet light (72, 94, 95). 

6) Mammalian cells are relatively intensitive for pyrimidine dimers, since 
only part of the dimers are eliminated in surviving cells (75). In contrast, 
bacterial cells excise all dimers induced (112). 
While admittedly none of these discrepancies gives unbiassed proof for a 

different nature of mammalian repair as contrasted with dark repair in bacte
ria, it seems worthwile to investigate this problem. Consequently, this study 
was made to inquire critically whether the different steps postulated in 
excision-repair of microorganisms can also be found in mammalian cells. 

Molecular repair processes are not only mobilized following irradiation, 
but also after chemically induced damage to the DNA of mammalian and 
bacterial cells (89). It has been proposed that excision-repair acts on all those 
modifications of the DNA which led to distortion of the phosphate-ester-
backbone (98). 

In this study a human cell line was used throughout. Sometimes mouse 
cells were employed for comparison to the somewhat different character of 
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the repair in rodent cells (68). Moreover, the introduction of 5-bromouracil 
instead of thymine into the DNA before irradiation seemed a useful tool to 
investigate the repair mechanism in mammalian cells, since UV-irradiation of 
5-bromouracil containing DNA produces not only the common photoprod-
ucts, but also many chain-breaks in the DNA near damaged bromouridine 
moieties (56). This process can be followed by changes in molecular weight. 
By this procedure, rejoining of the DNA fragments induced can easily be 
studied because many breaks are repaired simultaneously. In non-substituted 
cells, on the other hand, incision may occur in one part of the DNA whereas 
repair incorporation or break closure takes place in other parts. Moreover, 
repair measured as incorporation of DNA precursors into the damaged DNA 
is stimulated by the presence of 5-bromouracil in the DNA (73, 95), in spite 
of the lowered survival of the cells (96). This procedure also permits more 
accurate measurements or repair synthesis, since normal (semiconservative) 
DNA synthesis is more depressed and repair synthesis is stimulated in irradi
ated 5-bromouracil substituted cells. 

After a general description of the methods which will be used in this study 
(chapter 2), the effects of irradiation with ultraviolet light on the integrity of 
the DNA molecule irradiated in the cells will be discussed (chapter 3). In the 
chapters 4 and 5, elimination of UV-induced damage from the DNA and 
incorporation of radioactive deoxyribonucleosides into the DNA in relation 
to repair processes will be studied respectively. In chapter 6, the results of an 
investigation on the rejoining of single-strand breaks in the DNA produced 
by UV-irradiation are described. Finally, the findings of the preceding chap
ters will be reviewed critically and compared with bacterial repair systems 
(chapter 7). 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1. CELL LINES AND CULTURE CONDITIONS 

Lines of aneuploid human kidney and mouse fibroblast cells were cultivated 
as monolayers in glass prescription bottles or in 5 cm plastic petri dishes 
(GREINER). The human kidney cells (T cells) were originally obtained from 
RVO-TNO laboratories, Rijswijk, The Netherlands; whereas the mouse strain 
was obtained commercially (3T3, routine grade, FLOW Labs Ltd; denoted as 
3T3-f)· Cells were maintained in Eagle's basal medium (BME medium from 
FLOW Labs Ltd) supplemented with 10% newborn cals serum (FLOW Labs 
Ltd) and antibiotics (100 units penicillin and 0.1 mg streptomycin per ml) at 
370C. Petri dishes were incubated in a humidified atmosphere with 57' C 0 2 . 
Unless stated otherwise, (nutrient) medium refers to BME medium with all 
additives included. 

2.2. LABELLING METHODS 

Partial substitution of thymine by 5-bromouracil (BU) in the DNA of the 
cells was achieved by growing cells for 48 hours in media containing 5 Mg/ml 
5-bromodeoxyuridine (BUdR; from Sigma). In both cell lines on the average 
10% of the thymine was replaced by 5-bromouracil by this procedure as 
judged from DNA specific activity after incubation in tritiated BUdR. The 
terms BU-cells or BUdR grown cells and BU-DNA will be used to describe 
cells grown for 48 hours in 5 μg/πй BUdR and the DNA of these cells 
respectively, whereas normal DNA and normal cells refer to unsubstituted 
DNA and cells not grown in the presence of BUdR. 

Radioactive labelling of cell components was achieved by changing culture 
medium for fresh medium containing radioactive precursors of the nucleic 
acids at appropriate concentrations and siJBcific activities in the petri dishes. 
Precursors for the synthesis of nucleic acids used in this study were : 
uridine-5-tritium(3H-UR); 28 Ci/mMol. 
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deoxyuridine-6-tritium(3H-UdR); 11.0 Ci/mMol. 
thymidine-5-tritium(3H-TdR); 5 Ci/mMol. (was used normally) 
thymidine-6-tritium(3H-TdR); 22 Ci/mMol. 
deoxycytidine-5-tritium(3H-CdR); 29 Ci/mMol. 
deoxyadenosine, uniformly labelled with tritium(3H-AdR); 2 Ci/mMol. 
5-bromodeoxyuridine-6-tritium(3H-BUdR); 557 mCi/mMol. 
All radioactive compounds were purchased from the Radiochemical Centre, 
Amersham. 

2.3. INHIBITORS AND SUBSTRATES 

The inhibitors 5-fluorodeoxyuridine (FUdR), hydroxyurea (HU) and 
l'-ß-D-arabinofuranosyl-cytosine (arabinosylcytosine, ARA-C) were obtained 
from Sigma. Deoxyribonucleosides were purchased from Nutritional Bio-
chemicals Corporation, Cleveland, Ohio. Their abbreviations are mentioned 
under Figure 8. 

2.4. IRRADIATION PROCEDURE 

Before irradiation of the cells, the covering medium was carefully removed. 
The irradiation was performed with a low pressure mercury vapour lamp 
(Hanau; peak emission at 254 nm). The dose rate was varied depending on 
the type of experiment between 10 and 55 ergs/mm2/sec. Incident doses 
were calibrated by uranyloxalate dosimetry. 

2.5. DETERMINATION OF THE UPTAKE OF LABELLED PRECURSORS INTO 

NUCLEIC ACIDS 

Separate extractions of ribonucleic acid (RNA) and DNA were performed 
according to Munro and Fleck (66). This method was generally used to 
determine normal DNA synthesis and repair synthesis. In one experiment 
(see section 5.2), the DNA's synthesized before and after irradiation were 
separated from each other by centrifugation in buoyant density gradients 
(68), in order to estimate the level of the repair synthesis and of normal 
DNA synthesis as result of the UV-dose. 

Samples of the DNA and RNA fractions obtained were placed in plastic 
counting vials; 19.5 ml scintillation fluid was added, and the sample counted 
in a Packard scintillation counter. The scintillation fluid contained 100 mg 
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2,2'-i3-phenylene bis-(4 methyl-5-phenyloxazole)-benzene and 4,8 g 2,5-di-
phenyl-oxazole per 1 litre of a mixture of toluene and ethanol (3 : 1). For 
determination of the specific radioactivity of the DNA, the amount of DNA 
was measured spectrophotometrically with the method described by Burton 
(11). 

2.6. CENTRIFUGATION ON NEUTRAL AND ALKALINE SUCROSE GRADIENTS 

Linear 5-20% sucrose gradients were prepared in nitrocellulose centrifuge 
tubes (total volume 5 ml). Neutral gradients were prepared according to 
Terasima and Tsuboy (105). The cell sample (0.04 ml) was lysed for 30 
minutes in 0.2 ml 1.5% sodium dodecylsulphate and 0.2 ml 0.2% pronase 
solution on top of the gradient. Alkaline gradients were prepared by the 
procedure of McGrath and Williams (65), with a lytic layer consisting of 0.2 
ml 0.5 N NaOH. Centrifuge speed (15,000-30,000 rpm) and centrifugation 
time (1-19 hours) were adapted to the expected S-values of the samples. At 
the end of the run, tubes were punctured and fractionated in samples of 6 
drops. 

Sedimentation coefficients were calculated according to McGrath and 
Williams (65). The weight average molecular weight of the DNA was calcu
lated using the equations of Studier (102). Hagen's formula (37) was used to 
determine the number of single- en double-strand breaks and the spacing 
between single-chain breaks in the DNA which resulted in a double-strand 
interruption. 

For sucrose gradients, cells were used which were grown in petri dishes for 
48 hours in media containing 1 μ Ci 3H-TdR/ml, with or without supple
mentation of 5 Mg/ml BUdR. Thymidine labelled at C6 was used for these 
experiments. Three hours before irradiation or sham-irradiation, the radioac
tive medium was replaced by normal nutrient medium. Cells were harvested 
by scraping from the bottom in the presence of ice-cold physiological saline, 
after elimination of the medium by aspiration. About 0.05 ml cell suspen
sion, containing 400,000 cells were pipetted on the top of the alkaline 
sucrose gradients. The time passed between scraping and lysis was about 8 
minutes. 

To the fractions collected after centrifugation, 0.3 ml of perchloric acid 
(0.5 N) were added, and they were hydrolysed for 10 minutes at 70oC. 
Finally, the samples were dissolved in scintillant, and counted. 
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2.7. DETERMINATION OF PHOTOPRODUCTS IN THE DNA 

Cultures grown for 48 hours in media containing 3H-TdR or 3H-CdR (1 μ 
Ci/ml) were rinsed with balanced salt solution and irradiated with ultraviolet 
at an incident dose of 40 ergs/mm2/sec. At distinct times after irradiation 
cells were harvested by incubation in 0.05 per cent trypsine in Tyrode buffer 
and subsequent centrifugation. 

The trypsinized cells were washed in 0.15 M saline and suspended in 0.05 
M phosphate buffer (pH 7.0). Subsequently, sodium dodecylsulphate (final 
concentration 0.190 and ribonuclease (Nutritional Biochemicals Corpora
tion, 50 Mg/ml final concentration) were added. After one hour incubation 
of the mixture at 370C, the DNA was precipitated and hydrolysed in formic 
acid by the method described by Lion (61). The pyrimidine dimers in the 
hydrolysate were separated from each other and from the thymine by paper 
chromatography (61). By acid hydrolysis the cytosine part of the cytosine 
containing pyrimidine dimers is converted into uracil. Unless stated other
wise, the term dimer will refer to the cyclobutane-type of dimer only. 

For similar experiments with BU-cells, cultures were incubated for 48 
hours in media supplemented with 3H-BUdR (5 jug/ml; 1 μ Ci/ml). The irra
diation procedure and postirradiation incubation were similar as described 
for normal cells. Chromatographic analysis of photoproducts in the BU-DNA 
was the same as described above. 
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CHAPTER 3 

INDUCTION OF BREAKS IN THE DNA OF HUMAN Τ CELLS 
BY ULTRAVIOLET LIGHT 

Following irradiation of bacteria with ultraviolet, their DNA is severely at
tacked by nucleases which initiate a very rapid repair (88) Therefore, it is 
rather difficult to measure chain breaks resulting directly from the absorp
tion of ultraviolet in microbial cells In this chapter experiments are de
scribed intended to discriminate between the Ьгеакь induced in the DNA by 
the photons (chapter 3.A ), and those resulting from repair processes (chap
ter 3 В ) 

3.A. The effect of ultraviolet per se on the formation of chain breaks in the 
DNA 

3 A 1 INTRODUCTION 

From several studies it is known, that the direct break-inducing action of 
ultraviolet on DNA strands plays only a minor role in the inactivation ol 
biological systems (64, 98) On the other hand, chain-breaks are readily 
formed in BU-DNA and this DNA is far more sensitive to inactivation ot 
biological activity by UV-hght (103) 

In order to investigate to what extent the DNA is broken by physical 
processes, DNA from Τ cells was irradiated m vivo and analysed by sucrose 
gradient centnfugation Such an inquiry is required in order to interprete the 
experiments discussed in chapter 3B , and in the following chapters 

3 A 2 ANALYSIS OF SINGLE STRAND BREAKS IN NORMAL AND BU-SUBSTI-

TUTED DNA 

If one wants to study the eftects of UV-light on strand breakage as an 
immediate consequence of the absorbed photons, the action of spécifie DNA 
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degrading enzymes mubl be ruled out In order to suppress repair processes, 
the irradiation time and the handling of the cells before lysis on the gradients 
must be as short as possible However, about eight minutes passed after 
irradiation before the cells could be pipetted on the gradients 

Normal cells were prepared for centnfugation in alkaline sucrose gradients 
as described in methods The irradiation was performed wit a dose rate of 55 
ergs/mm2/sec The cells were immediately nnsed in an ice-cold solution of 
physiological saline, and collected subsequently. 

0 
BOTTOM 

10 

FRACTION 

20 

NUMBER 

30 
TOP 

Figure 2 
Sedimentation profiles of unsubstituted 
DNA from Τ cells irradiated with UV-
light The cells were analysed m alkaline 
sucrose gradients immediately following 
irradiation with UV-hght A DNA from 
unirradiated cells, centnfuged at 20,000 
rpm for 1 hour В cells irradiated with 
15,500 ergs/mm2 and centnfuged for 1 
hour at 25,000 rpm С the profile from 
cells irradiated with 30,000 ergs/mm2 

and centnfuged at 30,000 rpm for 3 5 
hours In this and succeeding DNA pro
files the radioactivity in each fraction is 
expressed as percentage of the total 
amount of radioactivity recovered The 
direction of the sedimentation for this 
and next profiles is from nght to left 

10 20 30 
FRACTION NUMBER 

Figure 3 
Sedimentation profiles of the BU-
substituted DNA from 1 cells which were 
irradiated with UV-light The cells were 
analysed in alkaline sucrose gradients im
mediately following irradiation A pro
file from unirradiated cells centnfuged 
for 1 hour at 20,000 rpm В DNA profile 
from cells irradiated with 120 ergs/mm2 

and centnfuged for 6 hours at 30,000 
rpm С cells irradiated with 300 ergs/ 
mm 2 and centnfuged for 15 hours at 
20,000 rpm 
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Figure 2 shows three typical DNA profiles. These profiles are not directly 
comparable since conditions of centrifugal ion were not the same. Following 
analysis on alkaline sucrose gradients, the DNA of unirradiated cells was 
generally found on the bottom of the centrifuge tubes (compare Figure 2). 
This makes it impossible to calculate the molecular weight of the unbroken 
single-stranded DNA molecule. DNA profiles which can be used to determine 
the molecular weight, were obtained after doses of 500 ergs/mm2 or higher. 

Comparable experiments for normal cells were performed with BU-cells 
from which also three typical DNA profiles are shown (Figure 3). The cells 
were irradiated with a dose rate of 10 ergs/mm2/sec. Like DNA from unirra
diated normal cells, the DNA of unirradiated BU-cells was generally centrif
ugea out of the gradients (see Figure 3). 

3.A.3. ANALYSIS OF DOUBLE-STRAND BREAKS FORMFD IN THF DNA OF IRRA

DIATED CELLS 

The double-stranded DNA of normal cells was analysed immediately after 
irradiation. This was done by lysing cells on top of neutral gradients follow
ing irradiation and calculation of the molecular weight from the sedi
mentation profiles as described in section 2.6.. The cells were irradiated with 
doses up to 100,000 ergs/mm2. However, the molecular weights from the 
DNA profiles obtained were approximately identical, which suggest that no 
double-strand breaks are detectable at the UV-doses studied. 

Figure 4 
Sedimentation profiles of BU-
substituted DNA from Τ cells as 
analysed in neutral sucrose gra
dients immediately after UV-
irradiation. A DNA profile from 
unirradiated cells centnfuged for 
1 hour at 25,000 rpm В cells 
irradiated with 500 ergs/mm2 

and centnfuged at 25,000 rpm 
for 1 hour. С 750 ergs/mm2 

UV-light on the cells and centn
fuged for 1.75 hours at 25,000 
rpm D cells irradiated with 
1000 ergs/mm2 and centnfuged 
at 25,000 rpm for 1 hour. 
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Induction of double-strand breaks was also studied in BU-cells (see Fig
ure 4). As in Figure 2, centrifugation conditions were not indentical. Double-
stranded DNA from unirradiated cells had a sedimentation coefficient of 
260, which represents a molecular weight of 2X101 0 daltons. With increas
ing UV-dose a shift towards the top of the centrifuge tube, as well as a 
broadening of the DNA profiles could be observed. 

3.A.4. DOSK-EFFECT RELATIONSHIPS 

Since substitution of 5-bromouracil for thymine in Τ cell-DNA does not 
appreciably alter the molecular weight of unirradiated single-stranded DNA 
(see section 3.A.2. and ref.63), the molecular weight of unirradiated single-
stranded BU-DNA is assumed to be identical to that of unsubstituted DNA. 
Because the molecular weight of unbroken single-stranded DNA could not be 
measured directly with the sucrose gradient technique (see 3.A.2.), the mo
lecular weight of denatured DNA was considered to be half (i.e. 10 ' 0 

daltons) the value of native DNA (2X101 0). The value 10 1 0 daltons will be 
used throughout this study as the basis for calculation of the number of 
breaks in single-stranded DNA. 
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Figure 5 
Dose response curve of molecular weight 
of single-stranded DNA versus UV-dose 
for normal and BUdR grown Τ cells. The 
upper scale of the abscissa belongs to the 
curve for cells from which the DNA is 
substituted with S-bromouracil, while the 
lower scale belongs to normal cells. Im
mediately after irradiation the cells were 
analysed in alkaline sucrose gradients and 
the molecular weight of the DNA calcu
lated. 

Figure 6 
Dose response curve of the molecular 
weight of double-stranded BU-substituted 
DNA of Τ cells versus UV-dose. Immedia
tely following irradiation cells were ana
lysed in neutral sucrose gradients and the 
molecular weight of the DNA deter
mined. 
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Figure 7 
Dose response curve of break induction in 
BU-subsütuted DNA of Τ cells versus 
UV-dose SSB single-strand breaks, 
DSB double-strand breaks Strand-breaks 
were calculated from the values obtained 
from Figure 5 and 6 See text 

The relationships between the calculated molecular weight of single-
stranded normal and BU-DNA and the UV-doses applied, are shown in Fig
ure 5, whereas Figure 6 presents the molecular weights of double-stranded 
BU-DNA versus the UV doses The data were calculated from various DNA 
profiles from which a few examples were presented in the figures 2, 3 and 4 

As can be concluded from Figure 5, ultraviolet introduces many breaks in 
BU-DNA in comparison with normal DNA For BU-cells the molecular 
weights from identical experiments differed markedly at very low doses, 
which is due to inaccuracy in exposure time In Figure 7, the calculated 
number of single- and double-strand breaks appears to increase linearly with 
dose, whereas the square root of the double-chain breaks rises with the dose 

3 A 5 DISCUSSION 

The molecular weight of the native DNA from untreated cells is in agreement 
with results obtained by Terasima and Tsuboy (105) The value of 2X10 1 0 

daltons was also in agreement with extrapolation data from radiation results 
from others (57, 58, 59) Moreover, results from autoradiography suggested 
that DNA molecules of mammalian cells must exist of pieces of about 10 1 0 

daltons for smgle-stranded DNA (83) Further it was found that DNA of 
unirradiated normal or BU-cells sedimented to the bottom of the centrifuge 
tubes, thus making calculation of the molecular weights impossible Similar 
results were obtained by others, who used comparable methods (58, 62) As 

θ 12 

23 



was mentioned already, the DNA profiles obtained after low doses (below 
500 ergs/mm2) on normal cells could not be used for molecular weight 
determinations of the DNA. As in the case of unirradiated cells, this may be 
due to aggregation of the DNA (28, 58, 59), and interaction of the DNA 
with proteins (57, 109). 

For BU-cells, DNA molecular weights after low doses could be measured, 
although the differences between the results of identical experiments were 
rather big at very low doses (50 and 75 ergs/mm2) due to variations in the 
doses delivered to the cells because of the short exposure times. 

Single-strand breaks are induced in BU-DNA with doses of biological inter
est, whereas in normal DNA only at very high doses such breaks could be 
demonstrated (Figure 5). For example with a UV-dose of 120 ergs/mm2 - a 
dose which will be used in the chapters 5 and 6 in incorporation and re
joining studies respectively - 2000 breaks are formed in BU-DNA per 10'0 

dallons. A similar dose on normal cells does not lead to the formation of a 
number of single-strand breaks detectable by the method used (Figure 5). 
For the same reason, double-strand breaks in normal DNA were not observed 
after the doses studied. 

The increase of the number of double-chain breaks in BU-DNA suggests 
that the main scissions occur as a consequence of vicinal single-strand breaks 
in opposite chains. The increase of double-chain breaks with the UV-dose 
can only take place if real single-strand scissions are present at neutral pH. 
Therefore, the single-strand breaks measured in alkaline gradients are UV-in-
duced chain-breaks rather than alkali-labile bonds. Comparable results for 
isolated DNA have been presented by Hagen following irradiation with 
X-rays (37), and by Smets and Cornells after ultraviolet light (96). 

Calculation of the distance between two opposite single-strand breaks 
which give rise to a double-strand interruption yielded 2-3 nucleotides or less 
for the BU-DNA. According to Freifelder and Trumbo (32), the maximum 
distance between two single-strand interruptions which will give rise to a 
double-chain scission is dependent upon the salt concentration during irra
diation and centrifugation of the DNA sample. The high ionic strength of the 
sucrose solutions (0.5 M) may account for the relative small spacing ob
served. 

For the calculation of the spacing to be correct, the single-strand breaks 
must be equally divided over both chains of the double helix. Since the most 
breaks will be produced in connection with 5-bromodeoxyuridine moieties, 
the halogenated base must be incorporated randomly. During growth of the 
cells in medium containing BUdR, the cells passed twice through the mitotic 
cycle which garantees for a random distribution of 5-bromouracil in the 
DNA. 
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3.B. Formation of breaks in the DNA as consequence of repair processes 

3.B.1 INTRODUCTION 

The first step in excision-repair is the introduction of single-strand breaks 
near dimers. An UV-specific endonuclease has been purified from M. luteus 
(80). This enzyme nicks DNA strands leaving З'-phosphoryl and 5'-OH end 
groups. If we assume that excision repair of damage to the DNA in mammal
ian cells proceeds along the same route as in bacterial systems, an enzyme 
must also be present in mammalian cells which nicks the DNA near a distor
tion of the chain caused by the formation of a dimer. Up to now, no direct 
proof has been presented for the involvement of such specific endonuclease, 
but its existence has been deduced from indirect evidence (5, 19). 
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Figure 8 
Scheme of the biosynthesis of DNA precursors and the actions of several metabolic 
inhibitors. Abbreviations used are. TdR thymidine, BUdR 5-bromodeoxyuridine, 
UdR deoxyundine, CdR deoxycytidme, AdR deoxyadenosine, GdR deoxyguanosine, 
BUdRP 5-bromodeoxyundme S'-phosphate, the same for TdRP, UdRP, CdRP, AdRP, 
GdRP, BUdRPP 5-bromodeoxyundine S'-diphosphate, the same for TdRPP, CdRPP, 
AdRPP, GdRPP, BUdRPPP 5-bromodeoxyundine S'-tnphosphate, ditto for TdRPPP, 
CdRPPP, AdRPPP and GdRPPP, URPP undine 5'-diphosphate, CRPP cytidine di
phosphate, ditto for ARPP and GRPP. Crossing arrows mean inhibition by an inhibitor 
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Experiments performed with cells from patients suffering from Xero
derma pigmentosum (19) suggest that the rate-limiting step of repair in these 
cells is the incision in the damaged chain, since normal rates of repair are 
demonstrated in these cells if previously grown in media containing BUdR or 
following exposure to ionizing radiation-conditions known to introduce 
strand-breakage. 

Since it is of interest to look for the presence of such specific UV-endo-
nuclease, we tried to demonstrate a postirradiation reduction of the molecu
lar weight of the DNA with time at those doses which gave detectable repair 
(see 5.2.) without inducing detectable breaks themselves physically. 

Finally, the effects of two metabolic inhibitors, 5-fluorodeoxyuridine and 
arabinosyl-cytosine, were tested on cells in order to observe their effects on 
the molecular weight of the DNA after irradiation with, ultraviolet. Both 
compounds are strong inhibitors of DNA duplication and might also be 
effective in inhibiting the repair process (Figure 8). 

3.B.2. THE INDUCTION OF SINGLE-STRAND BREAKS IN THE DNA OF NORMAL 

CELLS 

An eventual effect of a specific UV-endonuclease can be best demonstrated 
if the molecular weight of the DNA is very high (see Figure 5). Τ cells 
labelled for 48 hours with tritiated thymidine were exposed-to 250 
ergs/mm2 ultraviolet. After irradiation some cultures were allowed to repair 
the damage by means of postirradiation incubation in fresh nutrient 
medium. At definite times the incubation was stopped, and the cells ana
lysed in alkaline sucrose gradients. If an UV-endonuclease is involved in the 
repair, DNA chains will be broken and a temporary lowering of the molecu
lar weight of the irradiated DNA may be expected to occur in comparison 
with DNA of cells immediately lysed after irradiation. 

As shown in TABLE I, the results show a temporarily decrease in molecu
lar weight following irradiation (as deduced from the sedimentation coeffi
cients obtained), suggesting the action of an endonuclease. However, the 
differences are too small to draw this conclusion with certainty, since sedi
mentation coefficients varied considerably below 500 ergs/mm2. Aspecific 
effects, such as degradation of the DNA by autolytic processes in dying cells 
were probably negligible during the time course studied, since hardly any 
dead cells were observed two hours after irradiation. There is a strong possi
bility, however, that breaks are repaired as fast as they are induced. 
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TABLE I 

Sedimentation coefficients of the single-stranded normal DNA of UV-irradiated Τ cells 

at several times after irradiation 

Sedimentation coefficients of the DNA of irradiated cells (250 ergs/mm ) 

POSTIRRADIATION INCUBATION, hrs 

466 ±25 387 ± 3 2 392 ±18 412 ±85 

After irradiation, cells were analysed in alkaline sucrose gradients, and the sedimentation 

coefficient of the unsubstituted DNA determined Standard deviation is given behind the 

values obtained in this and succeeding TABLhS 

3 B.3 THE EFFECT OF INHIBITORS 

In view of the failure to demonstrate convincingly the formation of enzyme-
induced breaks in the DNA after irradiation of cells with ultraviolet, it was 
tned to accumulate breaks eventually formed by enzymatic action using the 
drugs arabinosyl-cytosine and 5-fluorodeoxyundine in postirradiation media 
The purpose of the experiments was to inhibit the insertion of new deoxy-
ribonucleotides that must take place after excision of the damage (compare 
Figure 1). Since both compounds block the production of precursors for the 
DNA (compare Figure 8), an increase of chain-breaks might be possible after 
irradiation, which results from the successive actions of the postulated 
UV-endonuclease. 
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Figure 9 
Effect of postirradiation mcubation of 
UV irradiated Τ cells on the molecular 
weight of the DNA The cells were irradi 
ated with 500 ergs/mm2 and analysed in 
alkaline sucrose gradients о sedimen
tation profile of the DNA of cells analysed 
i m m e d i a t e l y fol lowing irradiation. 
Δ from cells incubated for two hours in 
nutrient medium after irradiation · pro
file from cells incubated for two hours 
after irradiation in the presence of 
5X10-5M ARA-C * cells incubated for 
two hours in medium containing 5 X 10"5M 
FUdR 
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Figure 9 presents DNA profiles from unsubstituted cells which were 
treated with FUdR and ARA-C after irradiation with 500 ergs/mm2 UV-
hght In TABLE II the sedimentation coefficients of the DNA derived from 
various expenments were collected. TABLE II as well as Figure 9 show that 
after a postirradiation incubation of the UV-treated cells in nutrient medi
um, or in nutnent media supplemented with FUdR or ARA-C, no shift of 
the molecular weights towards lower values could be demonstrated 

TABLE II 
The effect of postirradiation incubation on the sedimantation coefficient 

of the single-stranded normal DNA of UV-irradiated Τ cells and the effect of inhibitors 

POST-IRRADIATION CONDITIONS 

No incubation 

2 Hours Nutnent medium 

2 Hours in5Xlcr sMFUdR 

2 Hours in5xl0" s M ARA-C 

30 Mm m5Xlcr s MFUdR 

30 Mm in5xl0" 5 MFUdR 

30 Mm Preincubated in FUdR 

S-VALUE 

146 ± 8 

150 ± 7 

153 ± 9 

145 ± 1 0 

141 ± 2 

139± 5 

Cells were irradiated with 500 ergs/mm UV-hght and incubated in nutrient medium with 
or without an inhibitor After distinct times the cells were analysed in sucrose gradients. 

3 В 4 DISCUSSION 

In the results presented in 3.B.2. and 3 В 3., no clearcut decrease of the 
molecular weight of the DNA could be proved after irradiation which can be 
ascribed to postirradiation repair processes. These results are more or less in 
conflict with data from expenments performed with bacterial cells, in which 
a few breaks were shown to occur after UV-treatment which were ascribed 
to UV-endonuclease action (88) Also the induction of UV-endonuclease-
induced breaks was reported for HeLa S 3 cells (5) 

A postirradiation incubation of cells in nutnent medium or in media 
supplemented with FUdR or ARA-C was not able to produce a shift of the 
DNA towards lower molecular weight values Interpretation of these results 
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requires more knowledge about the mode of action of these inhibitors of the 
DNA synthesis. 

At least three mechanisms have been propçsed for the fact that ARA-C 
inhibits the DNA synthesis (see Figure 8). These three modes of action are 
inhibition of cytidine diphosphate reductase (12), competitive inhibition of 
the DNA polymerase (33, 35), and finally the incorporation of the phos-
phorylated drug into the DNA (13), which presumably will result in chain 
termination because the compound lacks the З'-OH group. At low drug 
concentrations presumably only depletion of deoxycytidine phosphate pools 
will be important, while at higher doses of ARA-C the compound itself will 
be phosphorylated as well, and the various drug metabolites will compete 
with the corresponding deoxycytidine derivatives for incorporation into the 
DNA (9). 

Also FUdR, a specific inhibitor of the methylation of deoxyuridine 
phosphate (40) (see Figure 8), is a strong inhibitor of the DNA synthesis 
(17) (compare section 5.7.1.). Therefore, in the presence of either inhibitors, 
the precursor pools for DNA synthesis will soon be depleted, so incorpo
ration of thymidine or deoxycytidine to replace the deoxyribonucleosides 
excised by the repair-exonuclease, will also be inhibited. However, the objec
tion has been made that depletion may be insufficient, because of the very 
small amount of deoxyribonucleosides required for repair (17). In the chap
ters 5 and 6 results will be presented which unequivocally show that repair is 
inhibited by the two compounds. 

Up to now, the only UV-induced damage to the DNA bases which is 
surely involved in repair are the pyrimidine dimers (68, 75). If we assume 
that after irradiation of cells with 500 ergs/mm2 UV-light (a dose used in an 
experiment described under 3.B.3. and TABLE II) about 0.12% of the DNA 
thymines are in dimers (101), one dimer will be formed for each 2750 
nucleotides, assuming that thymine takes 307r of the total number of DNA 
bases. The molecular weight of single-stranded Τ cell DNA after 500 
ergs/mm2 was estimated to be 3.4X 108 daltons (calculated from the S-value 
given in TABLE II), which will contain about 360 dimers. If during a twelve 
hours period of postirradiation incubation half of the induced dimers 
(= 180) are eliminated (75), in two hours 30 dimers will be repaired per 
3.4X108 daltons. When closure of half of the induced breaks derived from 
repair of the dimers could be inhibited by the drugs used, the DNA would be 
divided by the remaining 15 breaks into pieces of 2.2X107 daltons, which 
can be distinguished from the assumed 3.4X108 daltons that is measured 
immediately after the irradiation (see 3.B.3.). 

The observation that no significant increase of single-strand breaks could 
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be detected following irradiation, may be explained by the following possi
bilities. 
1) Breaks produced by UV-endonuclease may be closed immediately after 

formation, for instance by polynucleotide ligase. However, in this case no 
damage has been eliminated and consequently no 'repair' took place. Anoth
er possibility is that break-repair is very rapid, and that at any moment only 
a few dimers are under repair, as was observed in bacteria (88). 
2) All breaks formed by the UV-endonuclease are already made before the 

analysis starts, because the handling of the cells between irradiation and 
lysis on the gradients takes about 8 minutes. However, it will be demon
strated that the repair process lasts for several hours. If breaks were intro
duced enzymatically within a few minutes following irradiation, then a con
tinuous increase in molecular weight is to be expected, according to the 
results with BU-cells (section 6.2. and ref.96), which has not been found. 
3)The different repair enzymes may be organized strongly in complexes in 

order to assure a good coordination of the various repair steps. As a gap 
produced by incision and subsequent excision cannot be closed due to lack 
of precursors which replace the excised regions of the DNA, or due to 
incorporation of a defective nucleoside (ARA-C), the repair complex will be 
unable to shift to another lesion and consequently the repair of this latter 
damage cannot take place. This means that no further breaks are produced in 
a region of the DNA controlled by one repair complex and consequently no 
accumulation of breaks can be observed in the presence of the inhibitors 
tested (see TABLE II). The proposed explanation has an analogy with the 
work of Hagen and co-workers (38), who demonstrated that RNA-poly-
merase incubated with UV-irradiated primer DNA stopps transcription and 
remains bound to the primer at a damaged site. 

One may wonder why one possibility to explain the failure in demon
strating strand-breaks in the DNA after moderate UV-doses, namely that 
repair takes place by means of base-exchange, was not mentioned. Such a 
mechanism which proceeds without breaking of the sugar-phosphate back
bone, might be a simple way to eliminate damage to the DNA bases. How
ever, it was shown that thymine did not compete with thymidine for repair 
synthesis induced by irradiation with ultraviolet (94). Moreover, we could 
show that neither thymine nor cytosine were able to alter the extent of 
normal DNA synthesis or repair incorporation measured with radioactive 
thymidine and deoxycytidine respectively, which suggests that the proba
bility that repair takes place by means of base-exchange seems unlikely. 
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3.C. Conclusions 

1) Ultraviolet radiation introduces single-strand breaks as well as double-
strand breaks in the DNA of Τ cells. These 'physical' breaks can be 
demonstrated immediately following irradiation. 

2) For the same UV-dose, far more breaks are produced in 5-bromouracil 
containing DNA than in unsubstituted DNA. 

3) By postirradiation incubation of cells in nutrient medium, a small increase 
in the number of single-strand breaks as a consequence of repair processes 
could be demonstrated, though not with certainty. Accumulation of 
breaks under influence of inhibitors of DNA-repair synthesis was not 
found. 
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CHAPTER 4 

ELIMINATION OF PHOTOPRODUCTS 
FROM THE DNA OF MAMMALIAN CELLS 

IRRADIATED WITH ULTRAVIOLET LIGHT 

4 1 INTRODUCTION 

Elimination of the cyclobutane-type of pyrimidine dimers from the DNA of 
Echenchia coli, was first demonstrated by Setlow and Carrier (86) and 
Boyce and Howard-Flanders (8) The UV-induced dimers appear after some 
time in the acid-soluble fraction of the cells as part of small oligonucleotides 
Polymerase I (Kornberg enzyme) from E coli may be responsible for the 
dimer excision (50). After irradiation of bacteria, tar more DNA is degraded 
as accounts for the removal of a small oligonucleotide for each dimer 20-40 
bases were reported to be excised for each dimer (70, 86) Some bacterial 
mutants sensitive to ultraviolet light are not able to excise dimers, which 
indicates that the elimination process is of great importance for survival (65) 

Since dimer formation is a physical process, dimers can be introduced in 
mammalian DNA too Dimer excision, however, could not be detected in 
hamster cells (106) not in mouse L-cells (41, 52) In contrast, DNA from 
human cells seems to lose 40-50''£• of the induced dimers within 12 hours 
after irradiation (75). These findings have led to the hypothesis that human 
cells have the ability to excise dimers in contrast with rodent cells (75) The 
situation naturally raises the question of the significance of dimers in mam
malian cells, since rodent cells are not more sensitive to ultraviolet light than 
human cells (69), when using survival as the parameter In this connection it 
is of interest that various cell strains from patients with Xeroderma pigmen
tosum have almost or completely lost the ability to eliminate dimers from 
the DNA (7, 20, 90) 

For BU-DNA, uracil has been found as the main photoproduct of UV-irra-
diation (61, 96, 110) Smets and Cornells showed that in BU-substituted 
DNA of Τ cells irradiated with ultraviolet, uracil rapidly disappears trom the 
DNA during postirradiation incubation (96), which may explain the stimu
lated uptake of tntiated thymidine following irradiation ot BU-cells with 
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UV-hght as compared lo unsubstituted cells. These authors claimed that 
qualitative different lesions in BU-DNA rather than an overall increase in 
damage could explain both enhanced killing and stimulated repair by 
5-bromouracil substitution (96). 

In the experiments reported below, excision was measured as loss of 
dimers from unsubstituted DNA and as disappearance of uracil from 
BU-DNA in both a rodent and a human cell line These experiments were 
carried out in order to correlate elimination ot damage with repair synthesis 
in both types of cells (see 5.6 ). 

4 2 ELIMINATION 01 DIMfcRS bROM UNSUBSTITUTED DNA 

Mouse cells (3T3-f) and human Τ cells were grown in medium containing 
radioactive thymidine for two generation times, irradiated, and incubated in 
nutrient medium At distinct times, cells were collected for dimer analysis 
according to methods (see 2.7.) 

Figure 10 shows a typical radiochromatogram denved from the DNA of Τ 
cells which were harvested immediately after irradiation with 6000 
ergs/mm2 As was mentioned already, the uracil-thymine dimers derive from 
cytosine-thymine dimers by the treatment of the DNA sample in hot formic 
acid (see 2 7 ) As can be concluded from the profile, the radioactivity in 
dimers can clearly be separated from that in the main peak which represents 
thymine. Profiles from the acid hydrolysates of the two cell lines tested were 
identical 
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Figure 10 
Rddiochromatogram of a hydrolysate 
from the DNA of UV irradiated Τ cells 
The cells were previously grown in 
medium that contained 3H-TdR, irradi
ated with 6000 ergs/mm2, and analysed 
for photoproducts 
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Figure 11 
The percentage of thymine containing 
pynimdine dimers in the unsubstituted 
DNA of 1 and 3T3-f cells after irradiation 
with 6000 ergs/mm2 UV-light After irra
diation the cells were allowed to grow in 
nutrient medium pnor to analysis Stand
ard deviations indicated by arrows 

In 3T3-f cells no release of the dimers from the DNA could be observed 
during 5 hours postirradiation incubation, whereas in Τ cells dimers disap
peared from the high molecular DNA fraction (Figure 11) These results 
confirm the findings mentioned in the introduction, that rodent cells are 
unable to eliminate dimers in contrast with human cells. This diiference also 
applies for the next step in the repair process viz. the repolymenzation (see 
chapter 5) 

4.3 ELIMINATION OF URACIL FROM BU-SUBSTITUTFD DNA 

3T3-f and Τ cells were grown for 48 hours in medium that contained BUdR. 
As for the determination ot the amount of dimers, cells were permitted to 
continue growth after irradiation The DNA was analysed according to the 
same methods used for dimer analysis. Uracil and 5-bromouracil on the 
radiochromatograms were identihed by their Rf-values, which were compara
ble with those obtained by Lion (61). As mentioned already, uracil appeared 
to be the main photoproduct of UV-irradiated BU-DNA that could be de
tected by the methods employed. 

A profile from a radiochromatogram of the BU-DNA hydrolysate derived 
from Τ cells is shown in Figure 12. The DNA was isolated immediately after 
irradiation with 12,000 ergs/mm2 The uracil peak (Rf 0.40) can easily be 
distinguished from the 5-bromouracil peak (Rf 0 60). 

Figure 13 shows that the uracil, that was induced in the DNA by irradi
ation of BU-cells with UV-hght, disappears from the DNA. In contrast with 
dimer elimination, the two cell lines tested did hardly diner in elimination 
rate ol this photoproduct 
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Figure 12 
Radiochromatogram of a hydrolysate 
from the BU-DNA of UV-inadiated Τ 
cells UV-dose. 12,000 ergs/mm2 Cells 
were analysed for photoproducts immedi
ately after irradiation. U means uracil, 
BU 5-bromouracil. 
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Figure 13 
The amount of uracil in the BU-DNA 
from UV-irradiated Τ and 3T3-f cells. 
Dose 12,000 ergs/mm2. At distinct times 
after irradiation cells were collected and 
the amount of labelled uracil in the 
hydrolysate was determined Uracil deriv
ed from 3H-BUdR, that was included in 
the medium during 48 hours before irra
diation Standard deviations indicated by 
arrows. 

4.4. DISCUSSION 

With a radiation dose of 6000 ergs/mm2 ultraviolet light, about \.27r of the 
total radioactivity in DNA thymine is converted into dimers that contain 
thymine (compare Figure 11 ). This quantity is in agreement with values 
obtained by Steward and Humphrey (101). 

Almost all attempts to prove excision of dimers in mammalian cells are 
only based on chromatographic analysis of the hot acid hydrolysate of the 
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cold acid insoluble fraction of the cells. The amount of single photoproducts 
excised, or the extent of DNA degradation after irradiation seems to be very 
small in mammalian cells, since their quantity could not accurately be deter
mined (16, 18). In bacteria, however, not only the dimer content of the cold 
acid insoluble fraction of the cells may be studied, but also the release of the 
excised dimers in the cold acid soluble fraction or in the cell medium. 
Therefore it has been proposed (23) that dimer excision in mammalian cells 
may occur as long oligonucleotide chains, that are still so long as to be cold 
acid insoluble, thus masking the release of dimers from the DNA. However, 
in chapter 5 results are presented which are in conflict with this idea. More
over, the difference in dimer elimination between Τ and 3T3-f cells 
(Figure 11) can not be explained by this mechanism. 

Experiments performed in vitro revealed the strong inhibitory action of 
dimers in the DNA polymerase reaction (6, 53). Klimek and co-workers 
assume that the inhibition of the DNA synthesis following irradiation with 
UV-light is fully explained by the presence of pyrimidine dimers in the DNA 
(53, 54). Their calculations, however, do not consider a possible role for 
photoproducts other than dimers which can parallel the properties of the 
dimers in inhibiting DNA synthesis. In contrast, calculations performed by 
Cleaver (14) indicated that pyrimidine dimers in mammalian DNA need not 
be effective blocks for the action of the DNA polymerase. He speculated 
about other photoproducts responsible for the inhibition observed. 

In contrast with the disappearance of dimers from the cellular DNA of Τ 
cells but not of 3T3-f cells, the release of uracil from BU-DNA is about equal 
in both cell lines. This may be well explained by the fact that the damage 
(uracil) in both cases is connected with a chain-break, which apparently 
initiaties a very rapid repair (73, 94). Indications which strengthen this 
opinion are the findings that after X-rays and irradiation of BU-cells with 
UV-light, that both introduce chain-breaks in the DNA, repair is stimulated 
in rodent and human cells (section 5.6.), using incorporation of thymidine in 
the damaged DNA as parameter (68). This phenomenon is particularly 
evident in Xeroderma pigmentosum cells, which are therefore assumed to 
miss an active UV-endonuclease (19). Consequently, one of the first steps of 
the excision mode of repair - for instance the incision into the damaged 
chain — may also be less active in rodent than in human cells. 

4.5. CONCLUSIONS 

1) In contrast with 3T3-f cells, Τ cells exhibit a release of thymine containing 
dimers from their DNA after irradiation with UV-light. 
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2) Uracil, the main photoproduct of ultraviolet irradiation of BU-DNA, is 
equally released from the DNA of Τ and 3T3-f cells. 
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CHAPTER 5 

INCORPORATION OF RADIOACTIVE DEOXYRIBONUCLEOSIDES 
INTO THE DAMAGED DNA 

5.1. INTRODUCTION 

In the foregoing chapters, incision near the lesion (chapter 3.B) and excision 
of two types of damages (chapter 4) have been described. According to the 
model of bacterial excision repair (see introduction chapter 1 ), the next step 
would be the insertion of new bases into the DNA. Polymerase I from E.coli 
might be responsible for this repolymerization since the enzyme catalyses 
the addition of mononucleotides to the 3' hydroxyl terminus of a primer 
DNA (50). 

In fact, unusual incorporation of DNA precursors has provided the first 
evidence for repair phenomena in DNA of mammalian cells (72). The extent 
of this repair synthesis in mammalian cells can be determined in three ways: 
as non-S-phase labelling (= 'unscheduled' DNA synthesis), as repair repli
cation, or as repair incorporation. 

DNA repair is measured as NON-S-PHASE LABELLING when cells not 
engaged in DNA duplication, incorporate DNA precursors in the nucleus 
following ultraviolet or ionizing radiation (17, 68, 73). This phenomenon, 
also called unscheduled DNA synthesis (26), discriminates between normal 
(= semiconservative) DNA synthesis and incorporation due to repair, because 
cells in S-phase can in general easily be distinguished from other interphase 
cells in autoradiographs by heavy labelling of the former compared to lower 
grain density of the latter. While human cells demonstrate non-S-phase labell
ing in almost all cells of the population after irradiation with UV-light, 
several rodent lines, first believed to be negative for non-S-phase labelling 
(73), have now been shown to demonstrate the phenomenon, but to a much 
smaller extent than do human lines (69). 

REPAIR REPLICATION is measured when the DNA is analysed after 
irradiation by buoyant density gradient centrifugalion. It was proved by this 
method that DNA precursors were inserted in both complementary chains 
(17, 68, 73), which was interpreted as non-semiconservative DNA synthesis. 
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In general, repair is measured by this method as incorporation of DNA 
precursors into DNA chains which were synthesized before irradiation. 

Repair replication could be identified with non-S-phase labelling, for all 
cells that demonstrated non-S-phase labelling showed also repair replication 
(68). Skin fibroblasts from patients suffering from Xeroderma pigmentosum 
hardly show unscheduled DNA synthesis (7, 15, 19, 20), and also very low 
levels of repair replication (22). 

DNA-repair synthesis in mammalian cells can be measured not only by 
autoradiography or density gradient centrifugation, but also by direct deter
mination of precursor uptake into the DNA. This procedure, however, re
quires that semi conservative DNA synthesis is reduced to a low level by 
applying high irradiation doses or by inhibition with hydroxyurea (17, 95). 
This compound has been shown to be seemingly insensitive towards repair 
(ref.34 and sections 5.7.3. and 6.3.3.), whereas semiconservative DNA 
synthesis is strongly inhibited (17, 71). Repair synthesis determined by this 
method will be called REPAIR INCORPORATION. Obviously, the three 
phenomena repair replication, non-S-phase labelling, and repair incorpora
tion are manifestations of the same process viz. substitution of excised bases. 

Incorporation of thymidine into the DNA following UV-irradiation of 
mammalian cells is strongly stimulated by the previous growth of the cells in 
media containing BUdR (19, 94). DNA repair difficult to prove in rodent 
cells, could convincingly be demonstrated when these cells contained 
5-bromouracil in their DNA (68). 

Since thymidine is a rather specific precursor for DNA, labelled thymidine 
is normally used to measure DNA synthesis or to demonstrate repair. How
ever, a certain specificity for the DNA precursor for repair of UV-induced 
damage in mammalian cells has been concluded by Rasmussen and Painter 
(72) and by Smets (94, 95). The latter even claimed that for the repair of 
UV-induced photoproducts in mammalian cells only pyrimidines are excised 
and replaced by new ones (95). In experiments described below it was there
fore tried to confirm this hypothesis by making use of several DNA precur
sors and by accurate measurements of the incorporation of purines in the 
damaged DNA. 

As was outlined in the introduction (chapter 1 ), most differences between 
repair in bacteria and mammalian cells concern differences in radiation in
duced precursor uptake (repair synthesis). In this chapter, experiments will 
be described to demonstrate the response of cells towards ultraviolet (sec
tions 5.2., 5.3. and 5.4.), and to correlate the effects observed with excision 
of photoproducts from the DNA (section 5.5.). Moreover, a study of the 
time-course of the repair incorporation (section 5.6.) was needed for com
parison with time-course studies of the rejoining process (see chapter 6). 
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Finally, one of the possible consequences of the hypothesis that only pyn-
midines are used for repair of UV-induced damage in mammalian cells, 
namely an independent repair incorporation of thymidine and deoxy-
cytidine, was checked by use of inhibitors of the biosynthesis of these DNA 
precursors (section 5 7.). 

5 2 REPAIR INCORPORATION OF RADIOACTIVE THYMIDINE 

One of the first phenomena observed after irradiation with ultraviolet is the 
marked depression of the incorporation of radioactive precursors into mam
malian DNA (14, 72). A plot of the incorporation versus UV-dose yields a 
curve, seemingly consisting of two components from which the first compo
nent at lower doses is relatively steep, while the second is much more shal
low (72) These findings can be interpreted in terms of a decreasing semicon-
servative DNA synthesis, which predominates at the lower doses, whereas 
inhibition is partially reverted at higher doses by stimulated incorporation 
due to repair Such stimulation may be visualized by use of hydroxyurea 
(95) 

Normal and BUdR grown Τ cells were irradiated with different doses 
UV-hght and incubated for two hours in media containing tntiated thymi
dine. After incubation the cells were collected by short trypsine treatment 
and the specific activities of the DNA fractions were determined as described 
in methods The results are shown in Figure 14. 

Figure 14 
Effect of vanous doses of UV light on the 
incorporation of ^H-TdR into the DNA 
of Τ cells After irradiation, cells were in
cubated for two hours m medium con-
taming radioactive thymidine, and the 
specific radioactivity of the DNA deter
mined Part of the cells were grown for 
48 hours in media containing BUdR 
before irradiation I he symbols represent 
the average value of duplicate determina
tions in this and succeeding comparable 
incorporation studies 

500 1000 1500 
UV-DOSE (ERGS/mm'l 
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In unsubstituted cells, the inhibition of the uptake of label levels off at 
high doses, according to the expectation. In BU-cells, however, the incorpo
ration of the label raises again at higher doses, presumably due to stimulated 
repair incorporation (94, 95). 

When incorporation of radioactive thymidine into the DNA fraction is 
studied after irradiation, no clearcut conclusions can be drawn about repair, 
because the incorporation of the label is the result of both semi conservât i ve 
DNA synthesis and repair incorporation. A possibility to discriminate 
between normal DNA synthesis and repair synthesis is to measure repair in 
strands already synthesized before irradiation which can be separated from 
DNA synthesized after irradiation by introducing a density label in the 
latter. Subsequently, both DNA's are separated by means of centrifugation 
in buoyant density gradients. An example is given in Figure 15. 

Figure 15 
DNA from Τ cells analysed in equilibrium 
density gradients. Cells were grown for 48 
hours in nutrient medium, irradiated with 

ь 1200 ergs/mm2 UV-light (or sham-irradi
ated), and subsequently subjected to 
medium containing 3H-BUdR. After 
three hours postirradiation incubation the 
DNA was isolated and centrifuged in a 
neutral CsCl gradient according to Painter 
and Cleaver (68). a: DNA profile from 
unirradiated cells, b . irradiated cells. 
Dotted curves: optical density at 260 nm 
(O.D.), solid curves: radioactivity. 

During growth of the cells prior to the addition of 3H-BUdR, normal 
unlabelled DNA is formed which can be visualized by the optical density 
(Figure 15a). During growth of the cells in 3H-BUdR containing medium, 
hybrid DNA is synthesized consisting of heavy strands containing radioactive 
5-bromouracil and normal DNA sister-strands, which sediments faster than 
the DNA formed before addition of the heavy label. 

Radioactivity incorporated into the DNA of irradiated cells (1200 
ergs/mm2) paralleled the optical density in the gradient (Figure 15b), sug
gesting that 3H-BUdR was only incorporated in parental strands without 
changing the overall density of the normal DNA. This radioactivity repre-
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sents incorporation due to repair induced by the UV-light Hardly any radio
activity could be found on the place of hybrid density Therefore, it is 
concluded that semiconservative DNA synthesis is completely blocked after 
1200 ergs/mm2 UV-light m Τ cells 

5 3 REPAIR INCORPORATION OF TRITlAlhD DI-OXYCYTIDINh 

It has been demonstrated that deoxycytidme is a suitable precursor for 
repair synthesis following irradiation with UV-light (17, 94) The spccifiuty 
of the nucleoside as precursor tor DMA was tested for Τ cells 

Normal and BUdR grown Τ cells were incubated for two hours in medium 
containing tntiated deoxycytidme After incubation DNA and RNA frac
tions were separated by the method of Munro and Fleck (see 2 5 ) Of the 
total radioactivity in the nucleic acid fraction, 90^ was recovered in the 
DNA. The radioactive DNA fraction obtained after treatment as described 
under 2 7 was hydrolysed in hot formic acid Subsequently the hydrolysate 
was analysed by paper chromatography (61) 95'/ of the total radioactivity 
on the radiochromatogram was found on the cytosine spot, while some 
activity denved from thymine (about З'А) Quite similar results were ob
tained when cells were irradiated (1500 ergs/mm2), and subsequently incu
bated in the radioactive medium Some radioactivity (about 2'/) was found 
outside cytosine and thymine spots which was ascribed to photoproducts 
Therefore, we may assume that far most of tntiated deoxycytidme adminis
trated to the cells enters the DNA as such. 

a 20 
Figure 16 К 
Effect of UV-light on the incorporation 
of 3H-CdR into the DNA of normal and | i i ^_ 
BUdR grown Τ cells Procedure as de- о 500 1000 1500 
scribed under Figure 14 uv- DOSE ( ERss/mm·! 
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Normal and BUdR grown Τ cells were irradiated with different doses 
UV-light, and incubated for two hours in media containing radioactive 
deoxycytidine. The specific activities of the samples were determined and 
the per cent of unirradiated controls were plotted versus the applied 
UV-doses (Figure 16). 

The specific activities of the DNA decreased gradually with increasing 
UV-dose for normal cells, whereas for BU-cells the rate of incorporation 
increased again beyond a dose of 250 ergs/mm2. It has to be mentioned here 
that the results from similar experiments performed with 3H-CdR at differ
ent times sometimes varied markedly, but the general pattern was always as 
represented in Figure 16. The response of deoxycytidine incorporation to 
irradiation dose is comparable to that of thymidine (compare Figures 14 and 
16). Following 1500 ergs/mm2 UV-light on Τ cells, no semiconservative 
DNA synthesis, measured by 3H-BUdR incorporation, could be observed 
(see 5.2.), and therefore the incorporation of tritiated deoxycytidine after 
1500 ergs/mm2 into the DNA must be due to repair only. 

5.4. REPAIR INCORPORATION OF DEOXYADENOSINE 

Preminary experiments learned that radioactive deoxyadenosine is not a 
specific precursor for the DNA of Τ cells, because most of the label is 
recovered in the RNA. Τ cells were grown for two hours in tritiated deoxy
adenosine. After incubation, cells were collected by short trypsine treatment 
and washed with physiological saline. The DNA was separated from the RNA 
by the method cited (see 2.5.). By comparing the radioactivities in both 
fractions, it turned out that about 857r of the label entered the RNA frac
tion. 

In order to measure the amount of 3H-AdR incorporated in the DNA 
fractions as a consequence of contamination with radioactivity deriving from 
RNA, Τ cells were grown in media containing tritiated uridine, which specif
ically labels the RNA in the presence of unlabelled thymidine and deoxy
cytidine. After two hours incubation, RNA and DNA were separated as 
described above, and the radioactivities of the fractions compared. In both 
irradiated and control cells, DNA contained about 1.5% of the total amount 
of uridine incorporated in the nucleic acids, which must represent contami
nation with RNA. 

BUdR grown Τ cells, irradiated with various UV-doses, were incubated in 
3H-AdR containing media. After two hours incubation, the cells from each 
culture were collected, and the radioactivities in the DNA and RNA fractions 
determined (see Figure 17). 
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Figure 17 
Effect of UV-light on the incorporation 
of 3H-AdR into the DNA of BUdR grown 
Τ cells. Procedure as described under 
Figure 14. Solid curve with circles: 
thymidine incorporation in BU-DNA 
from Figure 14. Dotted curve: idem at 
0.33 level. 
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The incorporation of 3H-AdR in the DNA after irradiation shows a steady 
decrease with UV-dose (Figure 17). With UV-doses of 1000 and 1500 
ergs/mm2, the DNA fractions contained on the average 1.5% of the total 
radioactivity of the acid insoluble fraction, which may be mostly ascribed to 
RNA contamination of the DNA. Consequently, it has to be concluded that 
no semiconservative DNA synthesis nor repair incorporation of 3H-AdR 
seems to occur after doses higher than 1000 ergs/mm2 UV-light. 

The results with 3H-AdR are in contrast with those of similar experiments 
in which 3H-TdR and 3H-CdR were used as DNA precursors (compare 
Figure 17 with Figures 14 and 16). The incorporation of these latter pre
cursors in the DNA fraction is stimulated at a dose of about 250 
ergs/mm2 and higher in BU-cells and continues to increase at doses 
beyond 1000 ergs/mm2. The curve for repair incorporation of 3H-TdR 
derived from Figure 14 is drafted also in Figure 17. The dotted line in Figure 
17 represents the expected incorporation of AdR, if one supposes that the 
incorporation of deoxydadenosine in the DNA is one third if that of thymi
dine (see discussion section 5.8.). 

The data presented suggest that semiconscrvative DNA synthesis has 
stopped after doses of 1500 ergs/mm2. Unlike semiconservative DNA 
synthesis, repair incorporation cannot be determined with 3H-AdR, presum
ably due to the fact that deoxyadenosine does not participate in this repair 
as has already been suggested by Smets (95). 
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5.5. THE TIME-COURSE OF REPAIR INCORPORATION 

In order to study the time-course of the repair process, repair incorporation 
was followed after a dose of 120 ergs/mm2 UV-light. For that purpose, 
normal and BUdR grown Τ cells were preincubated for two hours in media 
that contained 2Х1СГ3М hydroxyurea, irradiated, and incubated in the 
presence of hydroxyurea (2Χ10"3Μ) and tritiated thymidine or deoxy-
adenosine. It was demonstrated that semi conservative DNA synthesis meas
ured with 3H-TdR by means of this procedure, was reduced to about 10'/ of 
untreated control in Τ cells and to 3% in 3T3-f cells. At distinct times after 
irradiation, cells were collected and the specific activities of the DNA frac
tions determined. 

Radioactive deoxyadenosine, supposedly not involved in repair of UV-
induced damage to the DNA in these cells (see 5.4.), was used to calculate 
the percentual inhibition of the semiconservative DNA synthesis by the irra
diation and HU-treatment. From these values the specific activities from 
thymidine incorporation due to normal DNA synthesis could be determined. 
Finally, the specific activities from semiconservative DNA synthesis were 
substracted from those obtained from the incubation with 3H-TdR after 
irradiation. The resulting data represent the specific activities of the DNA 
due to repair incorporation of 3 H-TdR (Figure 18). 
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Figure 18 
Repair incorporation of thymidine into 
the DNA of irradiated normal or BU-cells 
with time. The Τ cells were irradiated 
with 120 ergs/mm2 UV-light, and incu
bated in the presence of 2X 1СГ3М hydro
xyurea and зн-TdR ( 2 ß Ci/ml). The 
values were corrected for residual normal 
DNA synthesis as was described in the 
procedure (see text). 

The results presented in Figure 18 suggest that the process is completed 
within 5 hours after the irradiation. In order to be sure that the flattening of 
both curves is not due to lack of radioactive precursor, some radioactive 
thymidine was added for one hour 4.4 hours after irradiation. It turned out 
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that the specific activities from the DNA of cultures which did not receive 
supplemental radioactivity, did not significantly differ from those supple
mented with extra 3H-TdR measured 5.5. hours after irradiation. 

Similar experiments as described above for Τ cells were performed with 
3T3-f cells (Figure 19). The process appeared also to be finished within 
about 5 hours. 

Figure 19 
Repair incorporation of thymidine into 
the DNA of irradiated normal or BU-sub-
stituted 3T3-f cells with time. Procedure 
was described in the text. 3H-TdR cone: 
0.75juCi/ml. Dose: 120 ergs/mm2. 
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5.6. REPAIR INCORPORATION AND THE REMOVAL OF DAMAGE 

In order to prove a relation between repair incorporation and the removal of 
damage from the DNA, Τ cells and 3T3-f cells were compared for uptake of 
radioactive thymidine in damaged DNA. 

Normal and BUdR Τ and 3T3-f cells were preincubated with hydroxyurea 
for two hours, irradiated with various doses UV-light, and incubated for two 
hours in media which contained 3H-TdR and hydroxyurea. Specific activities 
of the different samples were determined by the method described (see 2.5.). 
Results are presented in Figure 20. 

Τ cells, which are able to remove dimers, demonstrate more repair incor
poration than normal 3T3-f cells (compare 4.2. and Figure 11 ). Repair incor
poration in BUdR cells was almost the same for Τ and 3T3-f cells, while 
elimination of uracil from BU-DNA has been shown to occur at the same 
rate in both types of cells (compare Figure 13). Therefore, it is concluded 
that repair incorporation is correlated with the elimination of damage from 
the DNA. 
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Figure 20 
Effect of ultraviolet light on the repair 
incorporation of thymidine in Τ and 
3T3-f cells. After irradiation cells were in
cubated for two hours in medium con
taining 2ХІ0-ЗМ HU and 1 μΟι 
3H-TdR/ml. Open symbols BUdR grown, 
closed symbols normally grown cells. 

5.7. EFFECT OF METABOLIC INHIBITORS ON SEMICONSERVATIVE DNA SYN

THESIS AND ON REPAIR INCORPORATION 

If Τ cells are exposed to 1200 ergs/mm2 UV-light, semiconservative DNA 
synthesis is completely blocked (see 5.2.). Moreover, after 1500 ergs/mm2 

ultraviolet light on Τ cells no incorporation of radioactive deoxyadenosine 
could be aetected during two hours after the irradiation (section 5.4.). 
Consequently, it was concluded that semiconservative DNA synthesis was 
completely inhibited by 1500 ergs/mm2 UV-light, and that deoxyadenosine 
did not participate in the repair. In the experiments described below, all 
radioactivity incorporated into the DNA after 1500 ergs/mm2 ultraviolet is 
therefore considered to represent repair incorporation. 

For all experiments performed in this section, the same procedure was 
followed. From normal or BUdR grown Τ cells the medium was refreshed 
two hours before irradiation (1500 ergs/mm2 ; dose rate 30 ergs/mm2/sec.) 
or sham-irradiation, and the cells were incubated for two hours in labelling 
medium in the presence or absence of an inhibitor. Finally, cells were col
lected and the specific activities of the DNA fractions determined according 
to the methods described in section 2.5. 

In this section three inhibitors (FUdR, ARA-C and HU) of the semicon-
servative DNA synthesis will be tested on semiconservative and repair synthe
sis, phenomena which will be measured with the DNA precursors 3H-CdR, 
3H-TdR and 3H-UdR. Each of the three inhibitors used performs its inhibi
tory action by blocking the synthesis of a DNA precursor. 
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TABLE III 
Effect of 5X 10 M FUdR on semiconservative DNA synthesis (A) 

and on repair incorporation (В) both measured with radioactive deoxycytidine in Τ cells 

A 

Type of cells 

Normal 

BUdR 

Specific activity (C.P.M./Mg DNA) 

Control 4 5 9 + 5 

+ FUdR 8 5 + 2 

Control 430 ± 9 

+ FUdR 86 ± 4 

Inhibition by FUdR 

81% 

80% 

В 

Normal 

BUdR 

Control 238 ± 5 

+ FUdR 233 ±15 

Control 887 ± 8 

+ FUdR 900 ± 11 

0% 

0% 

Normal and BU-cells were irradiated with 1500 ergs/mm UV-light (B) or sham-irradiated 
(A), and incubated for 2 hours in medium containing the label in the presence or absence 
of the inhibitor. Cone. 3H-CdR: 1 /uCi/ml. Results expressed as mean values + standard 
deviations. 

5.7.1. The influence of 5-fluorodeoxyuridine 
First the effect of FUdR was checked on the repair incorporation and 

DNA duplication. As was mentioned already (see 3.B.4.), the drug is a strong 
inhibitor of the semiconservative DNA synthesis. Its mode of action was 
discussed in 3.B.4. and is illustrated in Figure 8. 

Semiconservative DNA synthesis, measured as incorporation of 3 H-CdR in 
the DNA, was strongly inhibited by FUdR (TABLE II1A). Needless to say 
that all radioactivity in the DNA fractions from cells that were not irradiated 
is assumed to represent semiconservative DNA synthesis only. However, the 
drug had no measurable effect on the repair incorporation of 3H-CdR 
(TABLE HIB). These results suggest, that unlike semiconservative DNA 
synthesis, either repair incorporation may be insensitive to the action of the 
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TABLE IV 

Effect of Sx 10 M FUdR on semiconservative DNA synthesis (A) 

and repair incorporation (В) of Τ cells both measured with radioactive deoxyuridine 

A 

Type of Τ cells 

Normal cells 

BUdR cells 

Incubation condition 

Control 

FUdR 

Control 

FUdR 

C.P.M. per dish 

1304 ± 3 0 

2 0 + 4 

408 ± 1 4 

1 2 ± 8 

Inhibition by FUdR 

98,5% 

97 % 

В 

Normal cells 

BUdR cells 

Control 

FUdR 

Control 

FUdR 

120 ± 8 

0 ± 6 

148 ±14 

4 ± 8 

100 % 

100 % 

Procedure as described under TABLE HI. 0.1 ßCi 3H-UdR/ml. 

inhibitor, or the repair incorporation of deoxycytidine in these cells is 
independent on the presence of thymidine precursors, since FUdR is a 
specific inhibitor of the thymidylate synthetase only (see Figure 8). 

The data presented in TABLE III show clearly that normal and BU-cells 
behave similar towards the action of the drug because the same degree of 
inhibition is obtained in both normal and BU-cells for semiconservative DNA 
synthesis, while no inhibition of repair incorporation by the inhibitor was 
observed in both normal and BU-cells. 

In order to test which of the two possibilities proposed is valid to explain 
the fact that FUdR does not affect repair incorporation of 3H-CdR, a 
precursor that labels the thymine moiety of the DNA must be used. Radio
active thymidine itself, however, is less suited as precursor for DNA synthesis 
in the presence of FUdR, since the inhibitor blocks the synthesis of endo
genous thymidine. Consequently, the incorporation of the radioactive label 
into the DNA will increase compared to controls, since the precursor in the 
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latter cells enters a bigger pool of unlabelled substrate. Therefore, another 
precursor of the DNA was searched that could label the thymine moiety of 
the DNA and is also subjected to the inhibitory action of FUdR. 

Deoxyundine seems to be a suitable candidate, since after two hours 
incubation in medium containing 3H-UdR, the radioactivity m the DNA of Τ 
cells could exclusively be ascribed to thymine. For this assay, the same 
procedure was followed as described in section 2.7.. From the total amount 
of radioactivity in the nucleic acids, 85% belonged to the DNA fraction. 
However, only a minor part of the radioactivity added to the medium was 
recovered in the DNA fraction during two hours incubation in the labelling 
medium In spite of the low incorporation rate of 3H-UdR, this deoxynbo-
nucleoside proves to be a useful tool for the estimation of the DNA syn
thetic rate 

The effects of FUdR on semiconservative DNA synthesis and on repair 
incorporation, measured by means of 3H-UdR incorporation in the DNA, 
were studied, and the results summanzed in TABLE IV It was found that 
5Х1СГ5М FUdR inhibited completely both semiconservative DNA synthesis 
and repair synthesis as measured by the incorporation of 3H-UdR. From 
these data it is concluded that FUdR inhibits repair incorporation of thymi
dine without having any effect on repair incorporation of deoxycytidine. On 
the other hand, deoxycytidine incorporation due to semiconservative DNA 
synthesis is markedly depressed by the drug. 

5 72 The influence of arabinosyl-cy tosine 
The inhibitor ARA-C was also tested on semiconservative DNA synthesis 

and on repair incorporation. Modes of action of the drug were discussed 
under 3.B.4., and are illustrated in Figure 8. 

ARA-C inhibits strongly DNA duplication measured by thymidine incor
poration into the DNA fraction (TABLE V A). The repair incorporation of 
3H-TdR, however, was much less affected in both normal and BU-cells 
(TABLE V B), an effect which is comparable to that reported for FUdR on 
repair incorporation of 3H-CdR(5.7 1.). 

DNA duplication and repair incorporation, measured with radioactive 
deoxycytidine, were both inhibited by ARA-C (TABLE VI A and VI В 
respectively) The data suggest that the inhibitor ARA-C retards semiconserva
tive DNA synthesis as well as repair incorporation of deoxycytidine However, 
repair incorporation of thymidine is only slightly affected by the drug (TABLE 
VB). 
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TABLE V 

Effect of 10 M ARA-C on bemiconservative DNA synthesis (A) 

and repair incorporation (B) of 1 cells, both measured with radioactive thymidine 

A 

Type of cells 

Normal 

BUdR 

Specific activity DNA (C.P M./jig DNA) 

Control 3057 ±35 

+ ARA-C 315 ± 5 

Control 2 7 1 3 + 2 0 

+ ARA-C 294 ± 8 

Inhibition by ARA-C 

90% 

90% 

В 

Normal 

BUdR 

Control 265 ±12 

+ ARA-C 200 ± 11 

Control 2 5 2 0 + 5 0 

+ ARA-C 1792 ±56 

25% 

29% 

Procedure described under TABU, 111. 1 μ Ο 3H-TdR/ml. 

5 7 5. The effect of Hydroxyurea 
The primary action of hydroxyurea, a potent inhibitor of the semiconser-

vative DNA synthesis (71), seems to be the blocking of the reduction of 
ribonucleotide diphosphates to deoxyribonucleotide diphosphates (1,4) (see 
Figure 8). If repair enzymes which insert new bases into the DNA use the 
same precursors as in DNA duplication, hydroxyurea will also inhibit repair 
incorporation. However, no effect of hydroxyurea on repair synthesis after 
UV-treatment has been observed in mammalian cells (16, 17). 

The effect of HU on semiconservative DNA synthesis and on repair incor
poration were compared and the restorative effects of exogenous deoxynbo-
nucleosides tested on these processes. It should be realized that in this kind 
of experiments with hydroxyurea one is handicapped by the fact that the 
synthesis of all four deoxynbonucleotides may be affected by the drug. 

DNA duplication, determined with 3ll-TdR, was drastically reduced by 
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TABLE VI 

Effect of lCf5M ARA-C on seimconservative DNA synthesis (A) 

and repair incorporation (В) of Τ cells, both measured with radioactive deoxycytidine 

A 

Type of cells 

Normal 

BUdR 

Specific activity (C Ρ M /Mg DNA) 

rontrol 194 ± 6 

+ ARA-C 20 ± 3 

Control 142 ± 13 

+ ARA-C 12 ± 7 

Inhibition by ARA-C 

90% 

90'/ 

В 

Normal 

BUdR 

Control 230 ±13 

+ ARA-C 76 ± 8 

Control 604 ± 9 

+ ARA-C 106 ± 7 

65 V 

83% 

Procedure as desenbed under TABLE III Cone. ;'H-CdR for Α 0 5μΟ/πι], for В 

1 дСі/т! 

HU treatment (TABLE VII A); deoxyadenosine reverted partly the inhibi
tory action of the drug, as to a small extent did also deoxyguanosine. Repair 
incorporation of 3H-TdR, on the other hand, was not measurably affected 
by the drug (TABLE VII В). Neither deoxyadenosine nor other deoxynbo-
nucleosides were able to increase the labelling of the DNA. Also in this case, 
deoxycytidine caused a decrease of the label uptake in the DNA. The results 
suggest that repair incorporation of thymidine is independent of the pres
ence of the other DNA precursors, but that these are required for the incor
poration of 3H-TdR during semiconservative DNA synthesis in the HU-
treated cells. 

From similar experiments as described above performed with 3H-CdR as 
the radioactive label, no clearcut conclusions could be drawn since the 
uptake of label in the DNA was strongly increased by the addition of hydro
xyurea. 
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TABLE VII 
Effect of 2.1 (Γ3 M hydroxyurea with and without deoxyribonucleosides 

on semiconservative DNA synthesis (A) and repair incorporation (B) in Τ cells, 
measured with radioactive thymidine 

Medium 
5Mg/ml 

nucleosides 

no additives 
+ CdR 
+ AdR 
+ GdR 

+ AdR + GdR 

no additives 
+ CdR 
+ AdR 
+ GdR 

+ AdR + GdR 

-

10485±51 
8 5 3 0 + 3 0 

12011 ± 1 2 
11140±55 
11204 ± 7 0 

400 ±11 
180 ±17 
448 ± 2 
408 ±13 
480 ±25 

C.P.M./Mg DNA + Standard deviatior 

HU 

% of control 

(100) 

( 81) 
(114) 
(106) 
(107) 

(100) 

( 45) 
(112) 
(102) 
(120) 

I 

+ HU 

1978 ± 2 0 
883 ±11 

6096 ±42 
2418 ±11 
6772 ±38 

440 ± 5 

251 ±15 
380 + 17 

-
411 ±19 

% of control 

( 19) 
( 8) 
( 58) 
( 23) 
( 64) 

(110) 
( 63) 

( 95) 

(104) 

Normal grown Τ cells were irradiated ( 1500 ergs/mm2 UV-light) or sham-irradiated, and 
incubated for two hours in medium containing radioactive thymidine and 2X 1Ö"3M HU 
supplemented with one or more deoxyribonucleosides (cone, each 5 Mg/ml). Following 
incubation the radioactivity incorporated into the DNA was determined. Incorporation of 
label into the DNA of cultures without the addition of hydroxyurea and deoxyribo
nucleosides was taken as control (100% incorporation). For A: cone. 3H-TdR: 0.1 juCi/ml 
(label in skeleton of thymine); for B, 0.5 дСі/тІ. 

5.8. DISCUSSION 

5.8.1. The participation of repair incorporation in the repair process 
In Figure 20, the relation between repair incorporation and the UV-dose 

was shown. Maximal repair incorporation of 3H-TdR was observed between 
200 and 700 ergs/mm2 in normal Τ and 3T3-f cells. In BU-cells, however, 
repair incorporation of thymidine continued to increase with dose. These 
experiments were executed in the presence of hydroxyurea in order to 
inhibit specifically semi conservative DNA synthesis (16,17). 

The results obtained with Τ cells are in agreement with those from 
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comparable experiments performed by Smets (94, 95). For all doses tested, 
repair incorporation in normal Τ cells is much higher than repair incorpora
tion in 3T3-f cells with radioactive thymidine as the DNA label (Figure 20), 
whereas dimers are eliminated from Τ cell DNA, but not from the DNA of 
3T3-f cells (see Figure 11). In contrast, repair incorporation shown by BUdR 
grown Τ and 3T3-f cells are approximately the same, which parallels the loss 
of uracil from the DNA of the respective cells, which is also almost identical 
(see Figure 13). Therefore, repair incorporation is correlated with the 
disappearance of photoproducts from the DNA. Since repair incorporation is 
correlated with the removal of damage from the DNA it does not represent a 
form of 'unusual DNA synthesis'. 

Such an 'unusual DNA synthesis' was suggested to occur after treatment 
of mammalian cells with methyl methane sulphonate (3). Calculation learned 
that about 80 nucleotides would be inserted per lesion. In spite of the 
incorporation of the isotope into the DNA, rejoining of single-strand breaks 
after the treatment with the alkylating agent did not occur. For that reason 
the authors suggested the possibility of a terminal addition of deoxyribo-
nucleotides, rather than a real replacement of excised units. This would 
implicate that stimulated incorporation of deoxyribonucleosides or any form 
of unusual DNA synthesis not always represents more extensive repair. 

We have also to consider such an explanation for our results. Yet, why 
terminal addition would predominantly use pyrimidine bases is not clear. In 
addition, it shall be demonstrated in the next chapter that rejoining does 
occur, which is. coupled with repair incorporation, which strongly suggests 
that repair incorporation of deoxyribonucleosides is part of the same repair 
process. Moreover, a relation between repair incorporation and removal of 
damage has been demonstrated already (see 5.6.). 

5,8.2. The time-course of the repair process 
Experiments were presented in section 5.5. which suggested that repair 

incorporation of 3H-TdR after 120 ergs/mm2 is finished within 5 hours after 
the irradiation in both normal and BUdR grown Τ and 3T3-f cells. The use 
of hydroxyurea in these experiments is permitted since no effect of HU on 
repair synthesis measured by means of 3H-TdR was observed in Τ cells. 

The observation that the repair incorporation in normal and BU-cells takes 
almost the same time, requires more attention since in the unsubstituted 
DNA and in BU-DNA qualitatively and quantitatively different damage is 
introduced by the irradiation. In BU-DNA of Τ cells 120 ergs/mm2 induced 
2000 single-strand breaks per 10 1 0 daltons, whereas no breaks by direct 
UV-action could be observed in unsubstituted DNA with the sucrose gradi
ent method (compare 3 A). In 3T3-f cells about 1200 single-strand interrup-
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lions were introduced in the BU-DNA per 10' 0 daltons by 120 ergs/mm2 

UV-light. It may be expected that — as in Τ cells — in the normal DNA of 
3T3-f cells no breaks can be detected. Moreover, Lion showed the photo
sensitivity of 5-bromouracil at low doses ultraviolet to be scarcely greater 
than that of thymine (61); at higher doses of ultraviolet irradiation 5-bromo
uracil seems to be more sensitive (97). Therefore, it may be expected that 
slightly less photoproducts are induced in unsubstituted DNA than in 
BU-DNA, which is reflected in the repair incorporation (Figures 18 and 19). 

The difference between the amount of radioactivity incorporated during 
repair of normal and BUdR grown 3T3-f cells (Figure 19) is much bigger 
than in Τ cells. Also these discrepancies may mirror the unability of normal 
3T3-f cells to eliminate dimers. 

5.8.3. The precursor specificity of repair incorporation 
Most evidence for precursor specificity derived from the work of Smets 

(94, 95). Unlike the stimulated repair incorporation of 3H-TdR and 3H-CdR, 
repair incorporation of 3H-AdR was drastically decreased in his experiments. 
He interpreted his results to mean that only pyrimidine bases are inserted 
during repair of UV-induced damage in mammalian cells. He suggested that 
damaged pyrimidincs are not eliminated as part of oligonucleotides like in 
bacteria, but that repair in mammalian cells represents a process in which 
only the damaged pyrimidines are excised and replaced by new ones (95). 
The attractivity of this hypothesis is that the excised fragments are extreme
ly small as a consequence of which no main-chain scissions can occur. 
Further, for a photoproduct in one strand there always remains a (UV-insen
sitive) purine base in the opposite chain. 

Indications which support the idea that only very small DNA fragments 
are inserted and consequently also excised for repair in mammalian cells, 
derive from several studies. Cleaver and Trosko were not able to find any 
relationship between the repair synthesis and the low amount of degradation 
products after UV-exposure (16, 18). Spiegler and Norman concluded from 
non-S-phase labelling observed following X-rays, that for each damaged site 
only one or two deoxyribonucleotides are incorporated (100). 

The finding that the incorporation of thymidine into the DNA after irra
diation with ultraviolet light is inhibited in normal cells, but stimulated in 
BU-cells (see 5.2.), is in agreement with results from comparable experiments 
performed by Rasmussen and Painter (72, 73). As could also be deduced 
from the results of Smets (94, 95), repair incorporation of deoxycytidine in 
the DNA fraction was shown to be stimulated in BU-cells (see 5.3.). 

The stimulation of the incorporation of 3H-TdR after 1500 ergs/mm2 

may be explained by the increasing damage to the bromouridine moiety, i.e. 
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the formation of uracil, which will be excised and replaced by thymidine, 
although also other damage to the DNA may preferentially be induced near 
to a break (31) The stimulation of repair incorporation of 3H-CdR in BU-
cells (Figure 16) cannot be explained in a simple way. It is a conclusion of 
this study that repair incorporation regards only the pynmidme nucleotides 
whose incorporation is mutually independent Therefore, stimulation of 
3H-CdR incorporation by introduction of a photochemical sensitive ana
logue of thymine should have no effect on repair incorporation of 3H-CdR 
However, one might suppose that in BU-DNA the amount of UV-damage to 
cy tosine (and thus of repair incorporation of 3H-CdR) can increase by trans
fer of energy after UV-absorption in the BU-moiety and transported along 
the DNA chain Furthermore, the presence of 5-bromouracil or its photo-
products in the DNA could increase the quantum yield of cytosine photo-
decomposition Similar explanations have been forwarded to explain posi
tion effects in the photochemistry of nucleic acids, for instance the clus
tering of uracil dimers in UV-irradiated RNA (89) Attempts to prove this 
hypothesis with the available techniques were unsuccessful since most cyto
sine photoproducts are hydrates, which are unstable during the hydrolysis in 
hot acid necessary for chromatographic analysis Consequently, a final 
answer to this problem awaits appropriate analysis of photochemical 
reactions in 5-bromouracil substituted DNA 

Neither Rasmussen and Painter (72) nor Smets (94, 95) could find a 
stimulation of repair incorporation in BU-cells by use of a precursor that 
labels the punne moiety of the DNA (see 5.4.) Using 3H-AdR, about 1 5% 
of the radioactivity incorporated in the DNA of unirradiated cells was incor
porated after 1500 ergs/mm2 This radioactivity could be completely 
accounted for by RNA contamination of the DNA sample It was therefore 
concluded that deoxyadenosine does not participate in repair of UV-induced 
damage to the DNA m Τ cells 

Repair incorporation of deoxyadenosine, however, will always be lower 
than of thymidine or deoxycytidine, since the damage is practically restrict
ed to pynmidme bases Only if long DNA fragments are excised per single 
lesion, purines and pynmidines will about equally participate in repair 
synthesis, since the new part will reflect the average base composition of the 
DNA The low incorporation of 3H-AdR into the BU-DNA after 1500 
ergs/mm2 in comparison with repair incorporation of 3H-TdR excludes this 
possibility 

It has been proposed that the minimum length of a repaired fragment is a 
sequence of 5-6 nucleotides (one coil of the double helix) If such a sequence 
T T A G T is resynthesized for the elimination of the thymine dimer in 
mammalian cells, then 3 thymidine molecules should be incorporated for 
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every deoxyadenosine molecule. In Figure 17 the dotted line represents the 
theoretical repair incorporation for this situation. The accuracy of the 
method used is sufficiently great to state that incorporation of deoxyadeno
sine after 1500 ergs/mm2 is much less than one third of the thymidine 
incorporation. The conclusion, therefore, is that deoxyadenosine is not 
involved in repair of UV-damage and that the length of the repaired fragment 
is much shorter than 5-6 nucleotides; that is, only one single (pyrimidine) 
nucleotide or two in the case of dimers. 

In view of the strong labelling of RNA by 3H-AdR one must conclude 
that 3H-AdR freely exchanges with the RNA precursor pool. Consequently, 
the inhibition of 3H-AdR incorporation with increasing UV-doses (Figure 
17) might represent comphcated pool effects rather than true inhibition of 
the DNA synthesis. Though pool effects for 3H-AdR incorporation are less 
likely than for the incorporation of 3H-TdR because of the relative high 
natural pools of adenine precursors, the possibility of such effects must be 
reckoned with. Results presented in TABLE VII show that in the absence of 
hydrocyurea, deoxyadenosine hardly affects the repair incorporation of 
3H-TdR as well as semi conservative DNA synthesis. In the presence of 
hydroxyurea, deoxyadenosine is able to decrease the inhibition of the semi-
conservative DNA synthesis caused by the drug, this in contrast with repair 
incorporation of 3H-TdR which is not influenced by the nucleoside. It is 
therefore concluded that unlike semiconservative DNA synthesis, repair 
incorporation does not use deoxyadenosine. The results presented also 
strengthen the hypothesis already mentioned, that only pyrimidines are 
involved in repair of UV-induced photoproducts in the DNA of mammalian 
cells. 

5.8.4. The independent repair incorporation of thymidine and deoxycytidine 
In 5.7. results have been presented which suggested that the repair 

incorporation of3 H-CdR is independent of the presence of thymidine, for in 
the absence of thymidine precursors (by the treatment with FUdR), the 
repair incorporation of 3H-CdR continued at the same rate. Also Cleaver, 
who studied repair synthesis after UV-light by means of non-S-phase labell
ing (17) in unsubstituted cells, could not prove any retardation of incorpo
ration of 3H-CdR in the presence of FUdR, although — as in the conclusion 
presented in this report — the drug strongly inhibited semiconservative DNA 
synthesis. He explained his results to mean that only very small amounts of 
the radioactive precursor are required for repair, in contrast with the quanti
ty needed for DNA duplication. Such low amounts would be still available 
even in the presence of the inhibitor (17). 

The uptake of the radioactive precursor into DNA of unsubstituted cells is 
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strongly inhibited by irradiation, but 1500 ergs/mm* on BU-cells resulted in 
an incorporation of 3H-CdR comparable with the uptake by unirradiated 
control cells (see Figure 16). If an inhibition of 80% of the semiconservative 
DNA synthesis (measured with 3H-CdR) can be determined accurately, then 
inhibition of repair incorporation is equally possible, at least for BU-cells. 
Consequently, the argument put forward by Cleaver is not valid for our 
experiments. Moreover, the experiments performed with 3H-UdR demon
strated clearly that 5X10"5M FUdR inhibits almost completely the repair 
incorporation of that deoxyribonucleoside (TABLE V). In contrast, we 
would interprete the results to mean that — when thymidine phosphate 
pools are exhausted (for instance by FUdR) and consequently the repair of 
thymidine lesions in the DNA is inhibited —, the repair of damage to cyto-
sine can continue. 

Arabinosyl-cytosine inhibited DNA duplication measured with 3H-TdR 
and 3H-CdR (TABLES VA and VIA), and also repair incorporation of 
3 H-CdR (TABLE VI B). However, the effect of the compound on repair incor
poration of 3H-TdR was much less (TABLE V B). Also Cleaver obtained no 
inhibition in studies on unscheduled DNA synthesis (17) and repair replication 
(16) with ARA-C as inhibitor and 3H-TdR as DNA label. Again, independent 
incorporation of deoxycytidine and thymidine can explain these results. 

Repair incorporation is not affected by hydroxyurea (TABLE VII). The 
data obtained with 3H-TdR as the DNA label are in accordance with similar 
experiments performed with unscheduled DNA synthesis (17) and repair 
replication (16) after UV-light in mammalian cells. Moreover, the results give 
additional evidence for the hypothesis that no purine deoxyribonucleotides 
are involved in the repair induced by UV-light, because these precursors are 
most affected by hydroxyurea in semiconservative DNA synthesis, whereas 
their effect on repair was negligible. 

For the demonstration of semiconservative DNA synthesis, precursors of 
all four different deoxyribonucleotides that participate in the DNA may be 
used. Lack of only one of these four precursors will stop the incorporation 
of the other three too for DNA duplication. Since excision repair in bacteria 
is assumed to involve the insertion of several nucleotides for each damaged 
site, all four types of deoxyribonucleotides can also be used to demonstrate 
the repair process. However, the hypothesis has been forwarded here that 
repair after UV-treatment requires only pyrimidine precursors, and that the 
repair of cytosine and thymine lesions occurred independently. Such 
independent repair is possible if repair takes place only in sequences of 
thymine or cytosine, or if repair represents a 'one base-event', that is if only 
the damaged bases are excised and replaced for new ones. From these two 
alternatives, the latter seems most likely. 
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5.9. CONCLUSIONS 

1 ) Repair incorporation is a process which participates in the repair process 
because of correlation with elimination of damage. 

2) Repair incorporation patterns in normal and BU-substituted cells are 
almost identical when using either thymidine or deoxycytidine. 

3) Repair incorporation is completed within 5 hours after irradiation with 
120 ergs/mm2 UV-light in normal and BUdR grown Τ and 3T3-f cells. 

4) Only pyrimidine precursors for DNA are involved in the repair of UV-
induced damage in mammalian cells because of incorporation patterns in 
T-cells. 

5) The repair of lesions to thymine or cytosine in the DNA may proceed 
independently from each other in Τ cells. 
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CHAPTER 6 

THE REPAIR OF SINGLE-STRAND BREAKS IN BU-DNA 
INDUCED BY ULTRAVIOLET LIGHT 

6.1. INTRODUCTION 

In bacteria, the excision mode of repair is completed by the linking of the 
newly synthesized segment and the intact end of a DNA chain (see Figure 1). 
The closure of single-strand breaks caused by ionizing irradiation was first 
demonstrated by McGrath and Williams in a radio-resistant strain of Escheri
chia coli, but could not be shown in a radio-sensitive line (65). Repair of 
double-strand breaks has been claimed to occur in the very radio-resistant 
bacterium Micrococcus radiodurans (10, 51). 

As in bacteria, a process which rejoins X-ray induced breaks of single 
DNA-strands has been described for mammalian cells (58, 84). Investigation 
on the repair capacity during the cell cycle indicated that breaks were 
repaired at about the same rate during all stages of the cycle (62, 84). 

Repair of single-strand breaks was also shown to occur after irradiation 
with UV-light of BUdR grown Τ cells (85, 95, 96). UV-induced chain-breaks 
in BU-DNA near photoproducts of 5-bromouridine —, appear to be good 
starting points for repair enzymes as such breaks are induced and repaired 
simultaneously. 

In all likelihood, rejoining is performed by the enzyme polynucleotide 
ligase, the presence of which has been demonstrated in bacteria as well in 
mammalian cells (60). The enzyme accepts only double-stranded DNA as 
substrate, of which one chain possesses a nick between a 5'-phosphoryl and a 
З'-hydroxyl group. 

Evidence exists that after X-rays far most of the single-strand breaks 
induced do not possess the end groups which make them suitable as a sub
strate for the ligase enzyme (46, 47). Generally, for repair of breaks which 
cannot be repaired directly by ligase, other enzymeactivities are probably 
required which play a role in excision repair such as nucleases and poly
merase. 

Rejoining of single-strand breaks was investigated in BU-cells exposed to 
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UV-light Postirradiation incubation under appropriate conditions was used 
to demonstrate break closure in Τ and 3T3-f cells. Moreover, the compounds 
FUdR, ARA-C and HU were also tested on the rejoining process From these 
inhibitors FUdR and ARA-C has been shown to inhibit the repair-incorpora
tion of thymidine and deoxycytidine respectively (see section 5 7.), whereas 
hydroxyurea seemed to be inactive in the repair incorporation of 3 H-TdR 
(section 5.7.3.). 

6.2. THE TIME-COURSE OF THl· REJOINING PROCESS 

As was demonstrated in chapter 3, ultraviolet light introduced easily chain-
breaks in BU-DNA. Presumably these breaks are formed in the deoxyundylic 
acid moiety of the DNA. After excision of the damage, the gap is refilled 
with thymidine, which process was measured as repair incorporation of 
3 H-TdR m BU-cells (chapter 5) Finally, the ends are to be joined by poly
nucleotide ligase. 

In all expenments presented in this chapter, the cells were exposed to 120 
ergs/mm2 UV-hght This UV-dose was most favourable because an increase 
in molecular weight of the single-stranded DNA could easily be determined 
at this dose (compare Figure 5) After irradiation, cells were incubated in 
fresh nutnent medium as described in the methods (2.6.). At distinct times 
after irradiation the cells were collected and analysed in alkaline sucrose 
gradients. 

Typical DNA profiles from Τ cells are shown in Figure 21. The DNA shifts 
to higher molecular weight values with increasing incubation time after the 
irradiation. In Figure 22 the accumulated data of calculated molecular 
weights as a function of time after irradiation are presented The results after 
calculation of the percentages of breaks repaired with time are shown in 
Figure 23. For the calculation of the number of single-strand breaks at distinct 
times after irradiation, 10 1 0 dallons was assumed to represent the molecular 
weight ofunbrokensmgle-stranded DNA of Τ and 3T3-f cells (see 3 A4 ) 

After one hour postirradiation incubation, 75% of the breaks induced 
were closed. The repair process seemed to be finished between 3 and 4 
hours. After that time about 5% of the single-strand interruptions induced 
are still open. 

Similar experiments as for Τ cells were performed with 3T3-f cells. Three 
examples of DNA profiles are shown (Figure 24). The profiles demonstrate 
clearly that with increasing postirradiation time the molecular weight of the 
DNA shifts to higher values. In Figure 25 the increase of the molecular 
weight with time is shown, whereas the percentage single-strand breaks 
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Figure 21 
Effect of postirradiation incubation on 
the sedimentation of the BU-substituted 
DNA of Τ cells uradiated with 120 ergs/ 
mm2 UV-light о profiles from cells im
mediately after exposure * cultures in
cubated for 45 minutes. · the same for 
two hours The samples were run for four 
hours at 30,000 rpm in alkaline sucrose 
gradients. 

~§ 10 Ϊ Γ 
FRACTION NUMBER 

Figure 22 
The effect of postirradiation incubation 
on the molecular weight of single-strand
ed BU-DNA of UV-irradiated Τ cells (120 
ergs/mm2) Molecular weights were deter
mined from profiles as given in Figure 21. 

2 A 
HOURS 

Figure 23 
The amount of single-strand breaks re
paired in the BU-DNA of UV-irradiated Τ 
cells dunng postirradiation incubation. 
The number of breaks repaired were cal
culated from the molecular weights ob
tained in Figure 22. 1 0 ' 0 daltons was 
assumed to represent the molecular 
weight of unirradiated single-stranded 
BU-DNA HOURS 
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Figure 24 
Effect of postirradiation incubation on 
the sedimentation of the BU-DNA from 
3T3-f cells irradiated with 120 ergs/mm2 

UV-hght о lysed immediately after irra
diation, · incubated for 1 hour, A in
cubated for two hours Samples were cen-
tnfuged for 3 hours at 30,000 rpm 
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Figure 25 
The effect of postirradiation incubation 
on the molecular weight of single-strand
ed BU-DNA of UV-irradiated 3T3-f cells 
Dose 120 ergs/mm2 Molecular weights 
were determined from profiles as given in 
Figure 24 
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Figure 26 
Repair of single-strand breaks in BU-DNA 
of 3T3-f cells after irradiation with UV-
light The number of breaks repaired was 
calculated as described under Figure 23 
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repaired as calculated from the results presented in Figure 25 are shown in 
Figure 26. 

Also with 3T3-f cells about 75% of the single-strand interruptions induced 
are closed within one hour postirradiation incubation in nutrient medium. 

6.3. EFFECT OF INHIBITORS ON THE BREAK-CLOSURE IN Τ CELLS 

In 5.7. it was shown that some compounds inhibited repair incorporation of 
the precursor, the biosynthesis of which is affected by that compound. In 
order to demonstrate that repair incorporation and rejoining of breaks form 
part of the repair process these compounds were tested on the closing of 
single-strand breaks. It may be expected that if repair stops at a lesion which 
cannot be repaired through lack of precursor, the rejoining will equally be 
blocked if both phenomena participate in the same repair process. 

BU-cells were treated for analysis in alkaline sucrose gradients. After irra
diation (120 ergs/mm2), the cells were incubated for one hour in nutrient 
medium, or in media supplemented with either inhibitor or unlabelled 
deoxyribonucleosides, or with both. 

6.3.1. The effect of 5-fluorodeoxyuridine 
To test whether thymidine incorporation is a prerequisite for rejoining, 

FUdR was used to deplete the endogenous thymidine pool. As is shown in 
Figure 27, the inhibitor retards the rejoining of breaks produced by the 

Figure 27 
Effect of FUdR in the postirradiation 
medium on the sedimentation of the BU
ONA from Τ cells irradiated with 120 
ergs/mm2 UV-light. о : control (DNA 
from cultures not incubated), · : culture 
incubated for 1 hour in the presence of 
5X 10-5M FUdR (FUdR); A : DNA proffle 
from cells incubated for 1 hour in the 
presence of 5X10-SM FUdR and 
4X10-SM TdR, (FUdR + TdR). The sam
ples were run for 6 hours at 30,000 rpm. 

< 

< 
ι-
Ο 
li. 
о 

cc 
ш 
Ο

ΙΟ 20 30 

FRACTION NUMBER 

65 



TABLb Vili 

The effect of FUdR and thymidine on the repair of single-strand breaks 

induced by UV-light in the BU DNA of Τ cells 

Preirradiation 

conditions 

no FUdR 

no FUdR 

no FUdR 

30 mm FUdR 

30 nun FUdR 

no FUdR 

no FUdR 

Postirradiation 

conditions 

nutnent medium 

+ TdR 

+ FUdR 

+ FUdR 

F U d R + T d R 

2 hrs nutnent medium 

1 hr FUdR followed by 

1 hr nutrient medium 

% Breaks repaired 

after 1 hour 

75 ±2 

77 ±1 

52 ± 3 

52 ± 3 

79 ±1 

after 2 hours 

83 ±2 

| 8 2 + 1 

BU-cells were irradiated with 120 ergs/mm2 UV-light, directly analysed, or incubated m 

nutnent medium or medium supplemented with 5X lO^M FUdR ог4ХІ0" 5М TdR After 
1 hour or 2 hours postirradiation incubation, the cells were analysed in alkaline sucrose 
gradients and the number of single-strand breaks in the DNA determined Sometimes 
preincubation with the inhibitor was used before irradiation 10 daltons was used as 
molecular weight of unirradiated single-stranded DNA of the cells 

action of ultraviolet on BU-DNA. Thymidine reverted completely the effect 
of the inhibitor (see TABLE VIII) The results which are shown in TABLE 
VIII are collected from various experiments performed with FUdR. 

During one hour of postirradiation incubation about 75% of the breaks 
were repaired (TABLE VIII). Thymidine added to the postirradiation 
medium had no effect on the percentage of breaks repaired, at least at the 
concentration used. Preincubation of the cells for 30 minutes in the presence 
of the inhibitor, was not at all effective in enhancing the inhibition of the 
repair process The inhibition of the rejoining by FUdR only accounts for 
about one third of the breaks induced This may be due to a) complete 
depletion of preexisting thymidine pools or b) to the existence of breaks not 
requiring thymidine for repair, for instance near cytosine lesions. 

Results given m the TABLE show that no irreversible inhibition by FUdR 
was observed, since exposing the cells to nutrient medium after the one hour 
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treatment in FUdR containing medium could completely reverse the inhibi
tion. The results presented in this section therefore suggest that incorpora
tion of thymidine precedes the action of the polynucleotide ligase 

TABLE IX 
The effect of ARA-C and deoxycytidine on the repair of single-strand breaks 

induced by UV-Ught m the BU DNA of Τ cells 

Preirradiation 
medium 

5X10"SM ARA-C 
during 1 hour 

Nutrient medium 

Postirradiation 
medium 

no incubation 
+ 5X10_SM ARA-C 
H-SXIO^M ARAC 
+ 4 4Xl<rsMCdR 
nutnent medium 

+ 1Ö"SMARA-C 
nutnent medium 
+ Ю"5 M ARA-C 
+ 9XlÖ"sMCdR 

% Breaks repaired 
after 1 hour 

0 
24 

| 29 

40 

50 ±4 
7 5 + 2 

| 77 ± 2 

BU-cells were irradiated with 120 ergs/mm UV-hght, immediately analysed or incubated 
for 1 hour in nutnent medium or medium supplemented with ARA-C or CdR Some 
cultures were incubated with the inhibitor pnor to irradiation Further procedure as 
descnbed under TABLE VIII 

6 3 2. The effect of arabinosyl-cy tosine 
According to the repair model postulated, which acts by means of exci

sion, reparable photoproducts of cytosme in the DNA will be cut out and 
replaced by new deoxynbonucleotides Since arabinosyl-cytosine retarded 
the repair incorporation of 3H-CdR (see 5.7.2.), this inhibitor was also tested 
for an effect on rejoining of breaks in Τ cells 

First we established that in cells premcubated with 5Χ1(Γ5Μ ARA-C the 
same molecular weight of the DNA could be calculated immediately after 
irradiation as m cells not treated with the drug (see TABLE IX). ARA-C did 
also not induce breaks at the concentration used under our conditions 
5X10"5 M ARA-C in the postirradiation medium inhibited markedly the 
rejoining of the breaks induced, while deoxycytidine, added to the ARA-C 
contaming medium was not able to revert the inhibitory effect of the drug 
on the increase of the molecular weight after UV-hght 

In cells premcubated with 5X10"SM ARA-C, irradiated and permitted to 
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grow in regular medium, an inhibition of the rejoining process was observed 
in comparison with cells not treated with the inhibitor. The rather high drug 
concentration may account for this irreversible inhibition, because arabino-
syl-cytosine can be incorporated in the DNA Since ARA-C lacks the 3'-OH 
group it is not a suitable substrate for the polynucleotide ligase, and conse
quently the DNA-chain will be terminated. 

1(Γ5Μ ARA-C present in postirradiation media of cells that were not 
premcubated with the inhibitor, permitted more rejoining than postirradia-
tion incubation and preincubation with a concentration of ARA-C five tunes 
higher However, addition of deoxycytidine m postirradiation media simulta
neously with 10"SM ARA-C, is able to reverse completely the inhibition of 
the drug on the rejoining process From these latter expenments three 
typical profiles are shown in Figure 28 In this Figure the DNA of 
ARA-C-treated cells sediments faster than that from cells which were 
analysed immediately after irradiation (control) The DNA of the cells treat
ed with ARA-C and deoxycytidine, however, sedimented most rapidly (see 
also TABLE IX) 

Figure 28 
Effect of ARA-C in the postirradiation 
medium on the sedimentation of the BU
ONA from Τ cells irradiated with 120 
ergs/mm2 UV-hght · DNA profile from 
cells not incubated after irradiation 
(control), - DNA from cells incubated 
for 1 hour in medium containing 1СГ5М 
ARA-C (ARA-C), A DNA from cells in
cubated for 1 hour in medium containing 
lCr5M ARAC and 9ХІСГ5М CdR (ARA-
C+CdR) The samples were run for 3 

lb 20 30 40 hours at 30,000 rpm m alkaline sucrose 
FRACTION NUMBER gradients 

As for thymidine, it is concluded that for rejouung of a number of single-
strand breaks in BU-DNA induced by irradiation with UV-hght, insertion of 
deoxycytidine is required 

6 3 3 The effect of hydroxyurea 
In order to obtain a strong inhibition of the production of DNA precur

sors, ΙΟ"2M hydroxyurea was used Hydroxyurea, present in the postirradia
tion medium of Τ cells, inhibited partly the closure of the breaks induced 
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TABLb Χ 

The effect of hydroxyurea and deoxynbonucleosides on the repair of single-strand breaks 

induced m the BU-DNA of Τ and 3T3-f cells irradiated with UV-hght 

Posturadiation conditions 

nutnent medium 

і(Г2мни 
TdR + CdR 
AdR + GdR 

% Breaks repaired dunng 1 hr 

Τ cells 

75 ± 2 
5 5 ± 6 
83 ± 2 
74 ± 3 

3T3-f cells 

75 ±1 
86 ± 1 
84 ± 2 
74 ± 3 

The BU-cells were irradiated with 120 ergs/mm UV-hght and incubated for 1 hour in 
nutnent medium supplemented with 1(Γ2Μ HU or deoxynbonucleosides Cells were 
analysed in alkaline sucrose gradients Concentrations of the deoxynbonucleosides used 
were for Τ cells 3C^g/ml each (1 г х К ^ М TdR, 1 ЗхКГ'М CdR), for 3T3 f cells 
20i/g/ml medium for each nucleoside (8X10"SM TdR, 8 SXlCf^M CdR) Number of 
breaks determined as described under TABLE Vili 

(see TABLE X) However, considerable variation among identical experi
ments was observed. Moreover, the inhibition was lower as observed with 
FUdR or ARA-C. Experiments not shown in the TABLE indicated that 
preincubation of the cells with the drug was not able to enhance the inhibi
tory effect in these cells. The addition of both pyrimidine deoxynbonu
cleosides convincingly stimulated the repair process, whereas the purine deo
xynbonucleosides - the DNA precursors which are mostly affected by HU — 
were ineffective. 

The effect of hydroxyurea on the rejoining process was also studied in 
3T3-f cells (Table X and Figure 29). Hydroxyurea, however, stimulated the 
closure of the breaks induced. The pynmidine deoxynbonucleosides also 
enhanced the process, while the purine deoxynbonucleosides were as ineffec
tive as in Τ cells. 

If for the repair studied only pynmidine deoxynbonucleotides are re
quired, the rejoining can be accelerated in the presence of HU by an excess 
of deoxypyniradines in spite of the inhibitory effects on normal DNA 
synthesis because of reduced purine deoxynbonucleotide concentration An 
enhanced pool of pynmidine deoxynbonucleotides and a drastically reduced 
pool of punne deoxynbonucleotides has been measured in mouse embryo 
cells in the presence of hydroxyurea (93), which may explain the stimulation 
of the rejoining in 3T3-f cells. 
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Figure 29 
The effect of ΙΟ"2M hydroxyurea in the 
postirradiation medium of UV-irradiated 
3T3-f cells on the sedimentation of the 
BU-DNA. Dose: 120 ergs/mm2, с : cells 
not incubated after irradiation (control), 
• : DNA from cells incubated for 1 hour 
in nutrient medium (normal), * : DNA 
profile from cells incubated for 1 hour in 
the presence of hydroxyurea. The sam
ples were run for 3 hours at 30,000 rpm 
in alkaline sucrose gradients. 

6.4. DISCUSSION 

In our experiments, 75% of the breaks induced had been closed after one 
hour in both Τ and 3T3-f cells, a value that is quite similar to those obtained 
after X-rays. Following irradiation with X-rays up to 80% of the single-strand 
breaks induced were reported to be repaired within one hour (67, 84, 108). 
The data suggest that an identical enzyme-system may be present in mam
malian cells which possesses the capacity to close the single-strand interrup
tions caused by different kinds of agents. 

It was found that after ЗА hours postirradiation incubation no further 
decrease of the single-strand breaks induced could be demonstrated (see 
6.2.). Consequently, it was concluded that the repair of breaks induced by 
the procedure followed was finished within that time. 

In 6.3.1. it was shown that FUdR retarded the rejoining of single-strand 
breaks induced by irradiation with ultraviolet light on BU-cells. Comparable 
results with mammalian cells were only obtained after irradiation with 
X-rays (108), although preincubation with the inhibitor was necessary to 
show the effect. 

Inhibition of the repair of single-strand breaks was also demonstrated by 
use of the inhibitor arabinosyl-cytosine (see also 6.3.2.). Comparable experi
ments with X-rays were never executed. Since ARA-C inhibits the repair 
incorporation of 3H-CdR, but does not affect the repair incorporation of 
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3H-TdR (see 5 6 2.), one would expect that the breaks would be closed in 
the presence of this inhibitor, assuming that all breaks in the DNA chain 
derive from photoproducts of 5-bromodeoxyuridine, since ARA-C inhibits 
only the repair of cytosine lesions. 

There exist at least three plausible possibilities to explain the inhibition 
observed First, the repair complex, which contains all repair enzymes, can 
be blocked at a cytosine lesion which cannot be repaired by lack of precur
sor, and consequently the breaks formed in 5-bromouridine moieties are not 
closed This possibility, however, is in conflict with the independent repair 
incorporation of 3H-TdR which continues, if at the same moment cytosine 
photoproducts cannot be repaired (see 5.7.2 ) 

Another possibility is that the breaks measured immediately after irradia
tion and those found after incubation m medium that contained ARA-C are 
not identical It may be possible that UV-endonucleases produce nicks near 
cytosine photoproducts, and the repair complex contmues to repair the 
lesions from thymine The breaks formed through irradiation are closed by 
thymidine incorporation and ligase action, whereas other UV-endonucleases 
induced breaks in the DNA persist. An accumulation of breaks, however, was 
not found 

Finally, the inhibition of the break-closure by ARA-C may be explained 
by the assumption already mentioned in section 5 8 3 , that the chain-breaks 
in BU-DNA induced by ultraviolet light might be accompanied by the forma
tion of cytosine photoproducts close to these breaks Such a situation can 
explain the independent repair of cytosine and thymine lesions and the 
inhibition of the break-closure by ARA-C and FUdR A similar explanation 
has been forwarded in order to elucidate the biphasic mode of removal of 
damaged residues from the γ-гау irradiated DNA of Micrococcus radiodurans 
(39). 

The inhibition of the rejoining of smgle-strand breaks by hydroxyurea 
may partly be explained by lack ot precursors tor DNA thymine or cytosine 
Up to now, inhibition of the rejoining process could be observed in bacteria 
after irradiation with X-rays (48), but very recently the repair in HeLa S 3 
cells was also reported to be inhibited by HU (5) That the eitect ot HU may 
differ in various cell lines was demonstrated by the fact that the drug stimu
lated the break repair in 3T3-f cells Moreover, more modes of action have 
been proposed for the inhibition of the DNA synthesis by hydroxyurea (4, 
48) 

The results presented show that the compounds which inhibit DNA 
duplication by means of inhibition of the biosynthesis of pynmidine deoxy-
nbonucleotides, also retard the repair process The hypothesis put forward 
by Cleaver (17), that residual precursors present in the cells might be sufti-
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dent for the repair, seems not correct, for FUdR and ARA-C inhibited the 
closure of single-strand breaks (compare with 5.8.4.). 

6.5. CONCLUSIONS 

l)The linking of the two broken ends in the DNA-chain induced by irradia
tion of BU-cells with UV-light, is inhibited by the inhibitors FUdR and 
ARA-C in Τ cells. Hydroxyurea inhibited the sealing of the breaks in Τ 
cells, while in 3T3-f cells the break-closure was stimulated. 

2) Incorporation of thymidine and deoxycytidine must precede the closure 
of the breaks. 

3) The rejoining process takes in both Τ and 3T3-f cells about 3-4 hours. 
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CHAPTER 7 

GENERAL DISCUSSION 

7.1. INTRODUCTION 

As was outlined in chapter 1, the purpose of the study was to compare the 
repair phenomena taking place in mammalian cells with the excision mode of 
repair in bacteria, with the aim to explain the differences observed between 
the two processes. Therefore, incision, excision, repair synthesis and the 
rejoining process were studied consecutively in the chapters 3, 4, 5 and 6. 

Since most of the data presented in the preceding chapters are interrelat
ed, they will now be discussed together and critically reviewed. This will help 
clarify some of the differences existing between bacterial and mammalian 
repair systems. 

7.2. THE INVOLVEMENT OF THE DIFFERENT REPAIR STEPS IN THE REPAIR OF 

MAMMALIAN CELLS 

For the incision process, some indirect evidence could be presented, but the 
effect was too small to be completely convincing. Results from similar 
experiments, were interpreted to mean that an endonuclease nicked the 
DNA after ultraviolet (90). Positive results, published recently, are in agree
ment with our findings (5). In the latter case, the partial excision of dimers 
from a human cell line could be correlated with the appearance, and later the 
disappearance of breaks in the DNA. The failure to demonstrate an accumu
lation of UV-endonuclease induced single-strand breaks by use of the inhibi
tors of the biosynthesis of DNA precursors may be explained by the idea 
proposed, binding of the repair enzymes to the lesions the repair of which is 
blocked (see 3.B.4.), in connection with a good coordination of the various 
repair enzymes in order to minimize the amount of single-stranded regions 
which might be starting points for unspecific degradation. 

An indication for such well coordinated repair derives from the finding 
that at any moment after irradiation of bacteria with UV-light, only a very 
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small number of breaks can be demonstrated in the DNA (88). Moreover, 
E.coli mutants that are able to incise but not to excise dimers, are not 
known (98). 

Excision of photoproducts was shown to occur for dimers in the human Τ 
cells but not in the rodent 3T3-f cells. Removal of uracil from the DNA of 
5-bromouracil substituted DNA of both Τ and 3T3-f cells was demonstrated. 
The experiments, however, do not inform us about the excision mechanism 
itself. For bacteria one has proposed that excision is carried out in a coordi
nated way together with degradation and repair synthesis since in vitro 
experiments with DNA polymerase 1 showed that excision of pyrimidine 
dimers is possible starting from single-strand breaks with a free З'-OH end 
group in a double-stranded DNA simultaneously with insertion of the four 
deoxyribonucleotides triphosphates in the 5' to 3' direction (50). 

Incorporation of pyrimidine deoxyribonucleosides only was shown to 
occur into the DNA of normal as well as BUdR grown Τ cells which were 
irradiated with high doses UV-light at which no semiconservative DNA 
synthesis took place. This incorporation must be due to repair (repair incor
poration), which is correlated with repair replication, the phenomenon that 
proves the non-semiconservative nature of the repair process similar to 
excision repair in bacteria. 

Besides polymerase I, another DNA polymerizing system has been found 
in E.coli which is membrane bound and which might be responsible for 
duplication of the DNA (55). It seems strongly probable, therefore, that 
repair synthesis and reduplicative synthesis are different processes altogether. 

The closure of single-strand breaks in UV-irradiated BU-DNA of Τ and 
3T3-f cells was demonstrated. For the repair of the kind of single-strand 
breaks produced, thymidine and deoxycytidine are required, suggesting that 
these deoxyribonucleosides are inserted in the DNA before rejoining can 
take place. 

Since UV-irradiation of Τ (human), and 3T3-f (rodent) cells, in which the 
DNA is partially substituted with BUdR , induced approximately the same 
rate of excision of uracil (see section 4.3.), the same levels of repair incorpo
ration (section 5.6.), equal duration of the repair incorporation of 3H-TdR 
(section 5.5.), and similar rejoining of single-strand breaks (see 6.2.), these 
processes must be strictly correlated in BU-cells (see TABLE XI). 

Time-course studies of the rejoining in BU-DNA, and the repair incorpora
tion of 3H-TdR in unsubstituted Τ or 3T3-f cells also gave comparable 
results (sections 6.2 and 5.5.). Moreover, repair in BU-DNA always re
sponded similarly to inhibitors as did repair incorporation in unsubstituted 
DNA (see 5.7 and TABLE XI). 

From these results, it is concluded that the phenomena studied: repair 
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TABLE XI 
Relationship between repair phenomena m normal and BU-substitued DNA 

of Τ and 3T3-f cells induced by UV-hght 

Type of cells 

Normal 
3T3 cells 

Normal 

Τ cells 

BUdR 

3T3 cells 

BUdR 

Τ cells 

Elimination 
of photoproducts 

No elimination 
of dimers 

Elimination 
of dimeis 

Elimination 

of uracil 

1 1 
Elimination 

of uracil 

lepair incorporation Rejoining 

of H-TdR of SSB 

Low 

1 1 
High 

I I 
Very high '—1 Fast 

Π 
II II 

Very high '—1 Fast 

Relative appreciation is given for the repair incorporation of 3H-TdR in the various cells, 
as deduced from Figure 20. The relations between several processes are visualized by 
bridges, so as extent of the elimination of a photoproduct and duration of the processes 
compared 

incorporation and the rejoining of breaks participate in the same repair 
process. The only difference between Τ and 3T3-f cells is the fact that 
dimers are not eliminated from the DNA of 3T3-f cells, which is correlated 
with the low level of repair incorporation observed in these cells in compari
son with the human cells (see TABLE XI). 

7 3. THE EFFECTS OF INHIBITORS ON THE REPAIR PROCESS 

A good deal of the conclusions of this study derive from experiments which 
were performed with the compounds FUdR and ARA-C. A survey of the 
experiments executed with these inhibitors of the duplication of the DNA 
and their outcome is given in TABLE XII. FUdR and ARA-C do not have 
any effect on the molecular weight of the unsubstituted DNA of UV-treated 
cells, presumably due to the coordination between incision and the following 
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TABLE XII 
The effects of FUdR and ARA-C on the sedimentation of the DNA, 

the repair incorporation and the closure of gaps in the DNA induced by UV-hght 

Phenomena observed 
after UV-treatment of Τ cells 

Change in molecular weight 
of template DNA 

Repair incorporation 

of thymidine 

Repair incorporation 
of deoxycytidine 

Rejoining 

of single-strand breaks 

Effects of 
5X lcrsM 10"SM 

FUdR ARA-C 

no effect 

inhibition 

no effect 

inhibition 
(reverted by TdR) 

no effect 

no effect 

inhibition 

inhibition 

(reverted by CdR) 

The results denved from expenments desenbed in the chapters 3 B, S and б 

repair steps. FUdR and ARA-C inhibit incorporation of deoxynbonucleo-
sides for DNA thymine and cytosme respectively in irradiated normal and 
BU-DNA. FUdR and ARA-C, however, do not influence repair incorporation 
of respectively DNA су tosine and thymine Moreover, the rejoining of single-
strand breaks in BU-DNA is inhibited by both compounds Since FUdR 
inhibits the biosynthesis of thymidine phosphates, and ARA-C that of 
deoxycytidine phosphates or incorporation of deoxycytidine into the DNA, 
the results are interpreted as independent repair incorporation of cytosine 
and thymine. Since only pynrmdmes are used for repair of UV-induced 
damage, it was concluded that the repair represents a 'one-base event'. 

For determination of the effects of inhibitors on repair synthesis it was 
unavoidable to measure repair incorporation after high doses UV-hght which 
stopped semi conservative DNA synthesis, but we do realize that this proce
dure was not ideal Moreover, the incorporation of radioactive DNA precur
sors into the DNA as measure for DNA synthesis (DNA duplication or repair 
synthesis) may be misleading since the production of some DNA precursors 
may be affected by inhibitors, while one of these precursors are added to the 
cells with a radioactive label The radioactive deoxynbonucleosides may also 
fill in the gaps made m the endogenous pool. In this way, the ineffectiveness 
of HU towards repair incorporation of thymidine may be explained, in fact 
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HU inhibits repair of thymidine. Moreover, incorporation experiments are 
subjected to pool effects. On the other hand, repair measured as break-repair 
is not liable to these phenomena, since the end-effect of the repair process is 
determined: The results from incorporation and rejoining studies, however, 
were generally in harmony with regard to the inhibitors used. 

Only the stimulation of the repair incorporation of deoxycytidine in BU-
cells could not be explained by photochemical evidence — also not denied —, 
but the induction of photoproducts from cytosine next or close to the break 
induced, may be a reasonable explanation. 

7.4. THE DIFFERENCE BETWEEN MAMMALIAN AND BACTERIAL EXCISION 

REPAIR 

Most differences between the repair observed in mammalian cells and the 
excision mode of repair in bacteria, which were summarized in chapter 1, 
may be explained by the hypothesis developed viz. the repair in mammalian 
cells represents a one-base event (section 5.8.). 

1) In contrast with repair in mammalian cells, caffeine was shown to inter
fere with excision repair in bacteria. Apparently, the compound binds to 

single-stranded DNA (74) and - being a purine derivative - , forms hydrogen 
bonds with pyrimidine bases. Such a binding can take place locally in bacte
rial cells on single-stranded pieces of the DNA caused by excision of photo-
products in oligonucleotides from the sister-strand. As such long pieces of 
single-stranded DNA do not arise during repair of parental DNA in mammal
ian cells since only the damaged pyrimidine bases are cut out - thus ex
posing only one purine base - , caffeine binding will be negligible. However, 
it has been shown that caffeine interferes with the repair of photoproducts 
of UV-light, but the effect was limited to the S-phase (27), during which 
longer pieces of single-stranded DNA are assumed to exist. However, negative 
results with caffeine have been clearly demonstrated for non-S-cells (17, 75). 

2) The apparent ineffectiveness of hydroxyurea on the repair incorporation 
in mammalian cells as contrasted with bacterial systems, may be explained 

by the fact already mentioned, that either thymidine or deoxycytidine has 
to be added as radioactive precursor to measure repair. As repair is a one-
base event, any inhibition by hydroxyurea will be overcome by the simple 
addition of the radioactive precursor. 

3)The stimulated repair incorporation in BU-DNA of mammalian cells may 
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Ъе explained by the fact that in BU-DNA damage is produced by UV-light 
which can be repaired quickly, since the UV-endonuclease needs not to be 
mobilized. As a matter of fact, this enzyme seems rate-limiting as repair is 
already maximal at a dose of 250 ergs/mm2 or higher in unsubstituted DNA 
(see 5.6.), but not in BU-DNA. In bacterial cells extensive DNA degradation 
accompanies the removal of the pyrimidine dimers (42), which may counter
act the repair to the damaged BU-moieties. 

4) In bacteria a preference exist for utilization of thymine over 5-bromo-
uracil for repair synthesis (36), in contrast with mammalian cells (23). 

This discrepancy may reflect a difference in one or more steps of the repair 
mechanism in bacteria and mammals. 

5) Repair of UV-damaged DNA in mammalian cells may involve only incor
poration of pyrimidine deoxyribonucleotides in contrast with the repair in 

bacteria. By UV-light almost exclusively pyrimidines are damaged. Moreover, 
it has been shown in this study that repair incorporation of deoxycytidine 
and thymidine proceeds independently which suggests that only the dam
aged bases are excised and replaced by new ones. In bacteria, on the other 
hand, the damaged pyrimidines viz. the dimers, are excised as parts of small 
oligonucleotides (4-10 nucleotides) (8, 86). Moreover, the excision of the 
dimers is accompanied (or paralleled) by extensive DNA degradation, for 
which new nucleotides have to be inserted, which explains the involvement 
of the four types of deoxyribonucleotides in the repair of bacteria. 

6) Mammalian cells are relatively insensitive to the presence of dimers in the 
DNA, in contrast with bacterial cells. In bacterial wild type cells almost all 

dimers are excised from the DNA. In mammalian cells, dimers are excised 
maximally for 50% in human cells, whereas in rodent cells no removal could 
be demonstrated (52, 106). Yet both cell types are about equally sensitive to 
either dimer induction or UV-induced cell killing. Moreover, in bacteria a 
correlation exists between dimer excision and survival (65). Such correlation 
could only be shown for Xeroderma pigmentosum cells (20, 22), but normal 
human fibroblasts remove only part of all dimers. Therefore, it is concluded 
that repair in mammalian cells represents more an 'error correcting mecha
nism' which acts on modifications of the DNA, while bacterial repair repre
sents a survival mechanism. 

A comparison between the repair that might take place in Τ cells and the 
excision mode of repair which takes place in bacteria is shown in TABLE 
XIII. As for incision, however, direct evidence in Τ cells was hardly convinc-
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TABLE ХШ 

Comparison between repair that might take place in Τ cells 

and excision repair in bacteria, both induced by ultraviolet light 

Excision repair in bacteria 

Incision 

Excision of photoproducts 
as part of oligonucleotides, 

accompanied by extensive degradation 

Repolymerization 
of the DNA 

Rejoining 

Repair in mammalian cells 

Incision 

Excision of only pyrimidine 

photoproducts 

Insertion of single pynmidine 

nucleotides 

Rejoining 

ing, but indirect evidence (BU-cells) has demonstrated the role of this step. 
Among the three types of pyrimidine dimers which can be induced in the 

DNA, the thymine-thymine dimer accounts for about 60%, the thymine-
cytosine dimer for 30%, and the cytosine-cytosine dimer only for 10% (87). 
If FUdR completely inhibits the repair of the mixed dimers, 60% of the 
repair of damage to cytosine should be blocked, assuming pyrimidine dimers 
are the only lesions involved in the repair of UV-irradiated DNA. A decrease 
of 60% in the amount of repair incorporation of 3H-CdR would be easily 
observed in the system studied (see TABLES III and IV). Since FUdR had 
no detectable effect on 3H-CdR incorporation after UV-light, repair of 
cytosine mixed dimers is obviously only responsible for a very small part of 
the repair incorporation observed, which is not detectable in the experi
ments. The major part of the repair synthesis must then be due to other 
lesions of which the hydrates of cytosine and thymine are the most plausible 
(30). However, too little is known of these photoproducts due to the fact 
that these products were reported to be very instable (31). Yet, it has been 
recently reported that hydrates can be determined accurately (104). 

From our results and those of others '(91, 99) working with X-rays, it 
may be concluded that repair is finished within a few hours after moderate 
UV-doses. Consequently, one may ask which are the photoproducts responsi
ble for cell death after irradiation. For this double-strand breaks in the DNA 
chain as well as crosslinks between protein and DNA have been proposed 
(98). Such crosslinks and double-chain breaks are easily induced by ultra
violet in BU-substituted DNA in comparison with unsubstituted DNA (96), 
which may explain the sensitizing effect of substitution with 5-bromouracil 
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towards ultraviolet in comparison with normal DNA. 
As bacteria may be frequently exposed to ultraviolet light, they have 

developed a photoreactivation-repair system, that is pre-eminently adapted 
to cancel most of the UV-induced lesions. Fxcision-repair is additionally 
present in bactena in order to cancel damage caused by alkylating agents or 
chemical mutagens, UV-induced photoproducts other than dimers (69), or 
dimers if the photoreactivation mechanism is inactivated (for instance in the 
dark) Recombinational repair can be operative if the damaged DNA is in the 
process of duplication m spite of the presence of the damage (43). 

In mammalian cells, the lesions produced by chemical or X-ray induced 
damage are probably repaired by excision-repair (3, 69, 78) Like also for 
UV-induced breaks in BU-DNA may be the case, this process will be carried 
out eventually with the help of nucleases in order to form suitable substrates 
for following repair enzymes. The repair system induced by chemical or 
X-ray induced damage to the DNA were equally active in human and rodent 
cells (78, 79) 

In order to explain the difference between human and rodent cells 
towards repair of ultraviolet-induced damage, it has been put forward that 
the human cells are m fact exceptions among the mammalian cells, for man 
has developed a naked skin Consequently, it was necessary to develop a 
defence mechanism against the harmful ultraviolet component of the sun
light This might be the reason why human cells can excise dimers, as do 
bactena, when dimer removal by photoreactivation is not possible m cells 
from placental mammals (69). However, the rodents - in general animals 
active during the night - are assumed not to be exposed to ultraviolet, and 
they do not possess a defence mechanism adapted to cancel the specific 
damage induced by ultraviolet light, ι e do not possess the endonuclease that 
recognizes specific UV-damage 

According to this scheme, repair of UV-induced damage in human cells is 
partly a secondary adaptation. It seems reasonable to suppose that for this 
purpose a system was developed in human cells that fitted in the repair 
system (excision repair) already present in the cells The differences reported 
between repair in human cells and bactena may therefore result from 
secundary required enzymes (i e the UV-endonuclease), but also from the 
differences already existing between excision repair m bactenal and mam
malian cells 

Since m mammalian cells only the damaged base is cut out and replaced 
by a new one, the excision-repair process seems more efficient and specific 
than the comparable process m bactena in which extensive breakdown of 
pieces of the DNA containing the dimers is followed by DNA synthesis in 
order to refill the gap produced 
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With the mechanisms proposed, the finding that only part (in human cells) 
or none (in rodent cells) of the dimers are excised from mammalian cells, is 
not explained. In bacteria, a few dimers that persist in the DNA are fatal, 
while mammalian cells seem to be able to survive with a small number of 
dimers. Since the recent discovery of recombination repair in bacteria, 
suppositions have been made for an eventual role of this mechanism in 
mammalian cells in order to remove the dimers which persist in the DNA 
after excision repair (69). In the case of reombination repair, the repair will 
take place after the dimers have passed the replication fork without being 
replicated. Experimental evidence for postreplication repair in mammalian 
cells is still lacking for the moment, leaving open the answer to an important 
problem. 
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SUMMARY 

Investigations to the repair mechanism of the DNA of mammalian cells 
induced by UV-light, in order to explain the differences observed between 
excision repair in bacteria and mammalian repair. 

The induction of single-strand breaks was demonstrated to occur in normal 
and 5-bromouracil substituted DNA of UV-irradiatcd Τ cells. The yield of 
single-strand breaks in BU-DNA was, however, far more than m unsubsti-
tuted DNA for the same UV-dose. Double-strand breaks were obviously 
induced in BU-DNA as a consequence of two vicinal chain-interruptions in 
opposite chains. 

No accumulation of single-strand breaks could be observed in the unsub-
stituted DNA of Τ cells during postirradiation incubation in the presence of 
inhibitors that block the production of pyrimidine DNA precursors, which 
was explained by the assumption that the various repair steps are coupled 
and coordinated, probably necessary for the cells to protect themselves to 
lethal unspecific degradation. 

Disappearance of photoproducts, namely thymine containing pyrimidine 
dimers from unsubstituted DNA of Τ cells, and uracil from the BU-DNA of 
UV-irradiated Τ and 3T3-f cells, was shown to occur. Elimination of dimers, 
however, was not observed in the rodent 3T3-f cells. 

Since the levels of repair synthesis measured with radioactive thymidine in 
Τ and 3T3-f cells could be correlated with the loss of dimers from the DNA 
of Τ cells and the absence of it in 3T3-f cells, and also with the disappear
ance of uracil from the BU-DNA of both cell lines previously grown in media 
containing BUdR, it was concluded that repair incorporation participated in 
the repair process. 

From the results obtained from experiments performed with the DNA 
precursors thymidine, deoxycytidine and deoxyadenosine, it was concluded 
that repair incorporation in Τ cells induced by UV-light, is exclusively exe
cuted with the pyrimidine precursors of the DNA, suggesting that only the 
damage is excised and replaced by new pyrimidinedeoxyribonucleotides. 

Experiments were performed with normal and BUdR grown Τ cells at a 
UV-dose which completely blocked the semiconservative DNA synthesis. All 
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radioactivity from thymidine, deoxyuridine or deoxycytidine incorporated 
into the DNA will therefore be ascribed to repair synthesis at this dose. By 
means of this method and by use of the inhibitors of the synthesis of 
precursors for DNA thymine and cytosine (respectively FUdR and ARA-C), 
it was shown that in fact two types of repair incorporation have to be 
considered, namely that for thymine and that for cytosine lesions in the 
DNA, because the inhibition of the production of one of the two pyrimidine 
precursors for repair did not or much less affect the repair incorporation of 
the other. The repair of damages to cytosine and thymine in the DNA may, 
therefore, proceed independently. 

On the other hand, it was shown that the inhibitors FUdR and ARA-C 
severely retarded the repair incorporation of the DNA precursor from which 
the production was hampered. Parallel experiments in which semiconserva-
tive DNA synthesis was studied, clearly demonstrated the difference between 
semiconservative DNA synthesis and the repair synthesis with regard to the 
sensitivity towards the inhibitors. DNA duplication, measured with labelled 
thymidine, deoxycytidine or deoxyuridine, was always drastically lowered 
by the inhibitors used, since lack of only one of the four different deoxy-
ribonucleotides will immediately stop the incorporation of the other three. 
Moreover, repair synthesis in normal Τ cells behaved identical towards the 
inhibitors as did cells previously grown in media containing BUdR, suggest
ing that the same kind of repair process was studied in both types of DNA. 

The conclusion that only the pyrimidine precursors of the DNA are used 
for repair of UV-induced damage to the DNA of Τ cells and the hypothesis 
that the repair of damage to thymine and cytosine moieties in the DNA may 
proceed independently, led to the postulation that repair of UV-induced 
damage in Τ cells represents the replacement of only the single-damaged 
(pyrimidine) bases in the DNA. 

Single-strand breaks induced by UV-light in the BU-DNA, were as rapidly 
repaired in Τ as in 3T3-f cells. The rejoining process was finished within 3-4 
hours, in accordance with the duration of the repair incorporation of 
3H-TdR in both normal and BU-cells in the two cell lines tested after the 
same UV-dose. 

The rejoining of single-strand breaks could be retarded by the inhibitors 
FUdR, HU and ARA-C in Τ cells. The addition of thymidine and deoxy
cytidine was able to cancel the inhibitory effect of FUdR and ARA-C respec
tively, suggesting that these deoxyribonucleosides are prerequisites for the 
closure of the breaks. Hydroxyurea, however, accelerated break-repair in 
3T3-f cells. High concentrations of the pyrimidinedeoxyribonucleosides 
which were added together to the postirradiation medium also enhanced 
break-repair, whereas no such an effect could be observed with the purine 
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deoxyribonucleosides. 
In summary, the results have demonstrated that the repair of photopro-

ducts in the DNA of human cells proceeds along the same lines as in bacterial 
systems that is: incision, excision, repair synthesis and rejoining. However, 
whereas no indications have been observed that point to a fundamental 
difference in the incision, excision and rejoining steps, repair synthesis in the 
human cells studied turned out to be basically different from repair synthesis 
in bacteria. During repair of UV-induced damage, human cells incorporate 
exclusively pyrimidine precursors of the DNA. Whereas bacterial repair 
synthesis can be described to some extent as a reduplication of a DNA 
segment, mammalian repair synthesis involves the exchange of only the 
damaged pyrimidine deoxyribonucleosides in the DNA for normal ones. 
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SAMENVATTING 

Onderzoek naar het herstelproces dat optreedt aan het bescfiadigd desoxy
ribonucleïnezuur van zoogdiercellen ontstaan door de cellen aan ultraviolet 
bloot te stellen, teneinde de verschillen die er bestaan tussen dit proces en 
het herstelproces dat bij bacteriën geïnduceerd kan worden en gekenmerkt is 
door het uitwerpen van de schade, te verklaren 

Door humane cellen te bestralen met ultraviolet werden enkelstreng breuken 
in het desoxyribonucleïnezuur (DNA) gevormd Ook werden zulke breuken 
gevormd in DNA dat gedeeltelijk gesubstitueerd was met 5-broomuracil (z g 
BU-DNA) Door eenzelfde dosis ultraviolet werden veel meer enkelketen 
breuken geïnduceerd in BU-DNA dan in normaal DNA. Dubbelstreng breu
ken die optraden in BU-DNA werden gevormd als gevolg van twee enkel-
streng breuken in eikaars nabijheid 

Na het bestralen van 1 cellen met ultraviolet kon geen toename van het 
aantal cnkelstreng breuken worden waargenomen in het DNA, wanneer de 
cellen werden voortgekweekt m de aanwezigheid van stoffen zoals FUdR en 
ARA-C, die de aanmaak van de onmiddellijke pynmidinevoorlopers van het 
DNA remmen Het resultaat kan echter worden verklaard door aan te nemen 
dat de verschillende reactiestappen waaruit het herstelproces moet bestaan 
(zie Figure 1) goed op elkaar zijn atgestemd en gecoördineerd teneinde 
onspecifieke afbraak te voorkomen 

De verdwijning van totoprodukten uit het DNA kon worden waargeno
men Pyrimidine-dimeren die thymine bevatten werden na verloop van tijd 
uit het DNA van 1 cellen verwijderd, maar met uil dat van 3 ГЗ-f cellen 
Uracil echter verdween na bestraling uit het BU-DNA van zowel I als 3T3-f 
cellen 

De mate van herstelinbouw in Τ en 3T3-f cellen, gemeten met behulp van 
radioaktief thymidine, kon worden gekorreleerd met het verlies van duneren 
uit het ongesubstitueerde DNA van Τ cellen, en het ontbreken ervan in 3 I 3-f 
cellen, tevens kon ze gekorreleerd worden met de verdwijning van uracil uit 
het BU-DNA van beide cellijnen na bestraling met ultraviolet Hieruit werd 
geconcludeerd dat de herstelinbouw die bestudeerd was, deel uitmaakte van 
het herstelproces 
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Proeven, uitgevoerd met thymidine, desoxycytidine en desoxyadenosine 
suggereerden dat de herstelinbouw die opgewekt wordt door blootstelling 
van de cellen aan ultraviolet, bij Τ cellen uitsluitend met behulp van pyrimi-
dine desoxyribonucleosiden plaats heeft, hetgeen suggereert dat slechts de 
gevormde laesie uit het DNA wordt verwijderd en door nieuwe pyrimidines 
vervangen, aangezien pyrimidinebasen veel gevoeliger zijn ten aanzien van 
ultraviolet dan purinebasen. 

Er werden proeven uitgevoerd met normale Τ cellen alsook met Τ cellen 
waarvan het DNA gedeeltelijk gesubstitueerd was met 5-broomuracil bij 
doses waardoor de semiconservatieve DNA-synthese volledig was geremd. 
Alle radioaktiviteit van pyrimidine desoxyribonucleosiden die in het DNA na 
zo een bestraling was ingebouwd, werd daarom beschouwd als herstel-
inbouw. Door middel van deze methode en met behulp van remmers die 
ofwel de inbouw van thymine of die van cytosine in het DNA blokkeren 
(resp. FUdR en ARA-C), kon worden aangetoond dat er in feite twee typen 
herstelinbouw moeten worden onderscheiden, namelijk die voor schade aan 
het thymine, en die voor schade aan het cytosine, aangezien remming van de 
aanmaak van een van beide pyrimidine desoxyribonucleosiden de herstel
inbouw van de ander niet beïnvloedde. 

De stoffen FUdR en ARA-C vertraagden echter wel zeer sterk de herstel
inbouw van de DNA-voorloper waarvan de produktie werd geremd. De resul
taten konden worden verklaard wanneer wordt aangenomen dat herstel van 
schade aan cytosine- en thyminebasen in het DNA onafhankelijk zou ver
lopen. 

Parallel met bovengenoemde proeven werden experimenten uitgevoerd 
waarbij de semiconservatieve DNA-synthese werd gemeten met behulp van 
verschillende pyrimidinevoorlopers van het DNA onder invloed van genoem
de remstoffen. De resultaten toonden duidelijk een verschil aan tussen semi
conservatieve DNA-synthese en herstelsynthese met betrekking tot de 
gevoeligheid ten aanzien van de gebruikte remmers. De verdubbeling van het 
DNA, gemeten met radioaktief thymidine, desoxycytidine of desoxyuridine 
werd steeds door beide genoemde remmere geblokkeerd omdat, in tegenstel
ling tot herstelsynthese, gebrek aan slechts één van de vier benodigde desoxy-
ribonucleotiden ook de inbouw van de andere drie bouwstenen voor het 
DNA zal belemmeren. Bovendien bleek de herstelsynthese in normale en 
BU-cellen identiek te reageren ten aanzien van de gebruikte remstoffen, 
waaruit moge blijken dat in beide typen DNA hetzelfde herstelproces werd 
bestudeerd. 

De getrokken conclusie dat slechts pyrimidine desoxyribonucleotiden 
worden gebruikt voor het herstel van schade dat door ultraviolet in het DNA 
wordt aangericht, leidde samen met de hypothese dat het herstel van de 
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laesie aan thymine en cytosine in het DNA onafhankelijk zou verlopen tot 
de postulering dat herstel van UV-schade in Τ cellen de vervanging voorstelt 
van de afzonderlijke beschadigde (pyrimidine) basen in het DNA. 

Enkelstreng breuken, door ultraviolet in het BU-DNA opgewekt, werden 
even snel gerepareerd in Τ als in 3T3-f cellen. Na 3-4 uur kon dit proces als 
beëindigd worden beschouwd, hetgeen in overeenstemming is met de duur 
van de herstclinbouw van thymidine bij zowel normale Τ en 3T3-f cellen, als 
bij cellen waarvan het DNA gesubstitueerd was met 5-broomuracil, na een
zelfde dosis ultraviolet. 

In Τ cellen kon het herstel van enkelstreng breuken worden vertraagd door 
de remstoffen FUdR, HU en ARA-C. De aanwezigheid van thymidine en 
desoxycytidine in celmedia die reeds resp. FUdR en ARA-C bevatten, kon de 
remming opheffen, hetgeen suggereert dat genoemde deoxyribonucleosiden 
in het DNA moeten worden ingebouwd voordat sluiting van de keten moge
lijk is. De remstof hydroxyureum versnelde echter het breukherstel bij 3T3-f 
cellen. De toevoeging van de twee pyrimidine desoxyribonucleosiden samen 
aan het voedingsmedium na bestraling leidde ook tot een snellere reparatie 
van de breuken zowel bij Τ als ook bij 3T3-f cellen, terwijl de twee purine 
desoxyribonucleosiden dit effect niet konden bewerkstelligen. 

Samenvattend kan worden geconcludeerd dat de resultaten van het onder
zoek hebben aangetoond dat het herstel van UV-schade in het DNA van 
humane cellen overeenkomstig verloopt als bij bacteriën, namelijk eerst 
insnijding in de DNA-keten, uitwerping van de laisie, gevolgd door herstel-
synthese en de hechting van de overgebleven ketenbreuk. Hoewel een 
fundamenteel verschil tussen herstel d.m.v. uitwerping van de schade in 
menselijke cellen en bacteriën niet kon worden gevonden t.a.v. insnijding, 
uitwerping en herstel van de keten, bleek herstelsynthese bij de bestudeerde 
cellijn fundamenteel verschillend te zijn van herstelsynthese bij bacteriën. 
Terwijl de bacteriële herstel synthese in zekere zin beschouwd moet worden 
als reduplikatie van een stukje DNA, worden bij de herstelsynthese bij de 
zoogdiercellen alleen de beschadigde pyrimidine desoxyribonucleotiden ver
vangen door nieuwe. 
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STELLINGEN 

1 
Stoffen die de normale DNA synthese remmen door middel van blokkering 
van de biosynthese van DNA voorlopers, remmen ook de reparatiesynthese. 

Dit proefschnft 

2 
Tegen de methode die door Setlow en medewerkers werd ontwikkeld ten
einde het aantal nucleotiden te bepalen dat per laesie m het DNA wordt 
ingebouwd, zijn bezwaren aan te voeren. 

Regan, J.D , Setlow, R.B. en Ley, R.D , 1971, Proc Nati. 

Acad Sci U S Α., 68, 708 

Ley, R D en Setlow, R В , 1972, Biophys J 12, 420 

3 
Het schema van Cruickshank ter verklaring van resistentie bij planten ten 
gevolge van fytoalexinen verliest zijn algemene geldigheid door de onderzoe
kingen van Kem en medewerkers 

Cruickshank, Ι A M , 1963, Ann Rev Phytopath. 1, 351. 

Kem, H., Naef-Roth, S. en Ruffner, F., 1972, Phytopath Z. 

74, 272. 

4 
Het is niet verantwoord de kiembaantheone af te wijzen op grond van de 
gelijkenis tussen kiembaancellen en andere cellen van het embryonaal weef
sel. 

Laviolette, P. en Grasse, P., 1966, m Algememe Biologie Bd 

II, Gustav Fisher Verlag, Stuttgart, pag.51. 

5 
Het uitsluitend gebruiken van radioaktief thymidine of zijn gefosforyleerde 
denvaten bij de bestudering van verschillende aspecten van de DNA synthese 
kan licht tot onjuiste conclusies leiden. 





6 
In publikaties dient het gebruik van de term 'wordt gepubliceerd' te worden 
vermeden. 

7 
De wetenschappelijke informatie is niet gediend met het doen van z.g. voor
lopige mededelingen. 

8 
Het zou aanbeveling verdienen tot een afspraak te komen over het uniform 
weergeven van gradiëntpatronen. 

9 
De heersende mode om de menselijke huid overdadig aan zonlicht bloot te 
stellen, zou op den duur wellicht niet zonder risico kunnen zijn. 

10 
Ook de televisie dient zich aan de tevoren gepubliceerde programma's te 
houden, behalve bij werkelijk uitzonderlijke omstandigheden. 

Nijmegen, 

6 oktober 1972 J.J. Comelis 








