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Introduction

H. ALTMANN

Many diseases have a genetical background. But the occurrence of new
mutations in man is rare, if we expeet that the mutation rate per locus and
generation is approximately 0.00004 (4 » 10-%) (1). SurTOoN calculated that the
total frequency of point mutations is of the order of 10-% to 10-% per protein
per generation (2). The determination of the turnover rate resulted in the
calculation that, if DNA would be 35 years in one cell which has a normal
DNA repair of skin cells, every DNA base would be replaced within this time
(3). Therefore mammalian cells must have very active DNA-repair systems,
so that about 2.3 X 10° single-strand breaks, which can occur per ug DNA in 1
hour, lead to such low mutation frequency. On the other hand, if DNA-repair
mechanisms are too efficient, this may be a block for human evolution. At
present there are still open questions to the known DNA-repair mechanisms.

Normal mammalian cells can repair damage induced in their DNA by either
UV-light, ionizing radiation, or chemicals including alkylating agents. The
best-known repair mechanisms are those acting on pyrimidine dimers pro-
duced in DNA by UV-light. Most experiments were performed with different
E. coli strains, and three mechanisms to repair DNA after UV-irradiation were
investigated. Photoreactivation is the simplest mechanism to monomerize
pyrimidine dimers, but this DNA-repair system is not present in human cells,
The dark-repair system, also known as excision repair, cannot act only
on pyrimidine dimers, but also on damaged DNA constituents after ionizing
radiation or alkylating agents. Post-replication repair involves a recombina-
tional process, and gaps opposite to the pyrimidine dimers are repaired by
this mechanism.

Excision repair requires endonucleases which make a nick close to he
damaged part of DNA, exonuclease activities to remove the damaged part
and a polymerase to resynthesize the region of this chain. A polynucleotide
ligase joins up the 3'OH-5'P ends and the repair is then complete.

The second step in this reaction chain is done by the same enzyme which
can effectively work also in the reverse direction either as exonuclease or
polymerase. KELLy et al. (4) concluded that the KorNBERG polymerase I
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from E. coli shows neither exclusive exonuclease nor endonuclease activity,
and cannot only clip single nucleotides, but also excise short oligo-nucleotides.
It seems that in bacteria most of the excised oligo-nucleotides contain 2-8
nucleotides, but normally 20-500 nucleotides per dimer are removed, possibly
dependent on the ligase activity in different cells. In mammalian cells it seems
that only about 3 nucleotides are excised after base damage by the exonuclease
activity of the polymerase.

Two different DNages with exonuclease activity have been found in mamma-
lian tissues. DNase 1II attacks single- and also double-stranded DNA from
the 3" end (5). In contrast DNase IV degrades DNA from 5 termini on (6).
DNase IV liberates pyrimidine dimers as parts of oligo-nucleotides wvery
quickly, while DNase 111 shows a low reaction rate to release dimers (7).

DeLucia and Cairxs (8) have isolated a set of E. coli mutants which carry
lesions in the structural gene for DNA polymerase I. Polymerase I1 was dis-
covered by KorNBERG's son, included also in a second repair mechanism. This
second mechanism is also required for recombination. Gross, GRUNSTEIN and
Wrrkin (9) found that E. coli cells which lack both repair mechanisms are
inviable. Replication of DNA with unexcised pyrimidin dimers leaves gaps
opposite to the damage. Recombinational repair does not work very accurately
and for nearly all UV-induced mutants non-exact recombinational repair is
responsible (10). Recombinational repair of X-ray-induced chain breaks is a
slow repair mechanism in E. coli and needs about 40 minutes at 37° C, while
the other DNA-repair system acts so quickly that this mechanism cannot be
analyzed by sedimentation (11). Also in yeast (12) and mammalian cells two
forms of dark DNA-repair mechanism could be detected (13).

The nuclease activity of the recombinational repair is inhibited by caffeine
(14), while excision of pyrimidine dimers is insensitive to caffeine. Recombination
and excision repair seem to have a common enzymatic mechanism, but some
steps may be specific. The same DNA ligases seem to be involved in replica-
tion, excision repair and possibly also in rejoining of DNA strands after recom-
bination. Excision repair enzyme activities differ only slightly during the cell
cycle (15). Recombination-repair mechanisms can be induced in irradiated cells
(16). Certain unusual survival curves in several organisms have been explained on
the basis of an induced repair mechanism (17). For the induction process, RNA
and protein synthesis after irradiation should be necessary for recombination and
survival. WESTERGAARD (18) could demonstrate, in the eukaryotic organism
Tetrahymena, a correlation between excision-repairable damage to DNA and
an induced DNA-polymerase activity dependent on the presence of all four
deoxyribonucleoside triphosphates, Mg++ and primer DNA. Deoxyribonucleo-
side triphosphates are necessary for normal DNA synthesis and repair répl ca-
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tion, but WERNER (19) reported that these two processes seem to draw their
precursors from separate pools. Bacterial cells seem to differentiate between
thymin and thymidin, using them separately for DNA replication or DNA
repair. After the addition of antiserum against E. coli DNA polymerase I, a
DNA-synthesizing activity was still present and also required the four
deoxyribonucleoside triphosphates, Mg** and a double-stranded DNA primer
(20). It seems, therefore, that both processes, semiconservative DNA synthesis
and repair replication, need the same precursors. Only the way of synthesizing
nucleotides, especially after high irradiation doses, may be different. Enzymes
involved in the preformed pathway are generally more resistant than those
from the de novo synthesis pathway (21).

It may be of practical importance to know inhibitors against DNA-repair
components or against the semiconservative DNA synthesis. Hydroxyurea
has been shown to possess promising antineoplastic and antiviral properties
(22). In determination of DNA repair, hydroxyurea is known as specific and
reversible inhibitor of semiconservative DNA synthesis, possibly owing to
inhibition of nucleoside diphosphate reductases (23). Also formamidoxine,
which is structurally related to hydroxyurea, has similar inhibitory effects
(24). 1-f-D-arabinofuranosyl ecytosine also interfers with polymerization of
DNA, but not at the ribonucleoside diphosphate reductase level (25).
6-(p-hydroxyphenylazo)uracil seems to induce blockage of DNA replication
at the polymerization step. In bacterial cells infected with virulent phage the
synthesis of phage DNA proceeds normally, while residual host semiconser-
vative DNA synthesis is completely blocked without affecting DNA repair.
Therefore it should be a useful tool for identifying the real DNA replicase
(26). On the other hand, N-ethyl-isatin-g-thiosemicarbazone has a wide spec-
trum of specific antiviral activity against RNA and DNA viruses including
RENA-tumor viruses and is effective in humans (27). Many investigations are
dealing with the effects of metabolic inhibitors on rejoining of broken DNA
single strands. Cycloheximide and 5-fluoro-deoxyuridine cannot suppress the
rejoining of DNA in mammalian cells if treatment was done at the time of
irradiation, but pretreatment with these substances shows remarkable inhibi-
tory effects (28). KLEIJER and Boorsma (29) found that KCN (1072 M) and
dinitrophenol (10-4 M) block rejoining of single-strand breaks by inhibition of
the ATP supply, EDTA (10! M) by binding of Mg** ions, iodoacetate by
inhibition of several enzymes, and crystal violet (40ug/ml) by binding to
- DNA.

Energy dependence of DNA repair and cellular recovery is perhaps impor-
tant in fractionated radiotherapy (30). Several antibiotics, like bleomyein,
phleomycin, actinomycin D, induce DNA breaks in nonirradiated cells.
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Bleomycin, which has antitumor activity, shows a very similar effect to that
of X-rays. HeLa cells are most sensitive to this antibiotic in late Gy, less
sensitive in the late S and least sensitive in the early G, stage (31). Caffeine is
the most often investigated inhibitor in DNA-repair experiments. It inhibits
also the repair of radiation-induced chromosome breaks in root-tip cells, and
Yamamoro suggests that the repair of radiation-induced chromosome
breaks is a process not greatly different from DNA-excision repair (32).
(Caffeine has a high binding affinity for single-stranded but not double-
stranded DNA and binds also with UV-irradiated DNA (33). In mam-
malian systems caffeine inhibits phosphodiesterase (34). The reversal of caf-
feine inhibition by cAMP could be detected (35). Also sulfonylurea agents are
inhibitors of adenosine — 3" : 5" — eyclic monophosphate phosphodiesterase (36).
Another group of natural products, which sometimes contaminate our food,
are mycotoxins. These toxins are DNA-repair inhibitors and longterm feeding
tests have been reported to provoke liver degeneration and tumors (37). En-
vironmental contaminants, like Hg compounds, S0,, carcinogenic carbo-
hydrates, nitrosoamines and pesticides should also be tested with respect to
a possible DN A-repair inhibitor action. DNase I that has endonuclease activity
between 5P and 3'0OH to yield oligonucleotides is inhibited by several hydroxy-
biphenyls. It appears that these substances inhibit by hydrogen bonding too
and by intercalation between the bases of DNA (38).

It has been generally assumed that photochemical damage is restricted to
those cells on the surface of the organism which are exposed to UV-light or
light of longer wavelength in the presence of photosensitizers. These substances
can be photoexcited and most bind the DNA in different types of C, cycloaddi-
tion reaction (39).

Psoralen and some of its derivatives have a photosensitizing action on viruses,
bacteria and mammalian cell cultures, producing lethal and mutagenic effects.
Furocumarins appear to act as photosensitizers not by involving energy transfer
but by producing DNA cross-links (40). Mutagenesis could also be detected in
E. coli by visible light alone, without an added dye (41). Pyrimidine dimers
can also be found in man surface cells as a result of the generation of electron-
ically excited molecules without UV-light. An open question is, »can metabolic
produets in excited states, occurring in each organism, produce pyrimidine
dimers, or single-strand breaks?« This could be an explanation of the high
repair activity in nonirradiated cells. LaMora (42) used the decomposition of
trimethvyl-1,2-dioxetan in the presence of E. coli DNA to show the production
of »photodimers « without UV-light.

Irradiation of H. influencae transforming DNA with UV-light of 313 nm in
the presence of acetone or acetophenone leads to inactivation of the transform-

b ol
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ing activity. If acetophenone was used as sensitizer only pyrimidine dimers,
mainly thymidine dimers, could be found, whereas with acetone additional
radicals are formed, which produce also DNA single-strand breaks (43). With
radical scavengers a chemical protection against single-strand breaks is pos-
sible (44).

A free radical is a chemical compound that has an odd number of electrons
and is therefore generally highly reactive. Radicals can be detected during
metabolic steps in different cells and may be involved in the production of at
least some types of cancer (45). It is interesting that radiation-protective
drugs are effective in lengthening the mean life span of mice. Howarp J. CurTis
of the Brookhaven National Laboratory favors the hypothesis that aging in
mammals results from mutations in the animals’ somatic cells. He has shown
a remarkable correlation between aging and chromosome alterations in liver
cells (46).

Price, Mopax and Marmwopax (47) reported (1971) that there is an
age dependent change in DNA of mouse tissue. DNA polymerase catalyzed
greater incorporation of nucleotides into nuclei of old than young mouse neurons,
astrocytes, Kupffer cells and heart muscle fibers. DNA strand breaks with
diminished DNA repair and/or increased lysosomal enzvme activities were
discussed as possible reasons. In our experiments on DNA repair with leuko-
eytes of L.E. patients we also found lower values for repair capacity in the
cells of older patients.

Marsupaira and NAkacawa (48, 49) got experimental evidence for differ-
ences in the repair capacity between normal and tumor cells. But CLEAVER
reported at the Baltimore Symposium (5. Int. Symp. on Molecular Biclogy
#»Molecular and cellular repair processes«, June 3-4, 1971, Baltimore, USA)
that he could not find any differences between normal und tumor cells from
different sources. We discussed that it is not necessary to find a reduced repair
capacity in malignant tumors compared with healthy tissues, but in the
initial state of the tumor development a reduced DNA repair in immuno-
competent cells can lead to a reduced immunoreaction involving possibilities
for tumor growth. BArDoS et al. (50) have reported increased priming activity
of DNA isolated from a variety of malignant tissue compared with DNA from
normal tissue. It has been known for a long time that the incidence of Down’s
syndrome increases with maternal age (51). Down’s syndrome associated with
chromosome abnormality is one of the congenital diseases which predispose
the affected person to the development of leukemia (52). ToraD0 and MARTIN (53)
observed an increased susceptibility of trisomic cells to transformation by
SV, viruses. Similarly, an increased chromosomal radiosensitivity in cells
with trisomy 21 could be found. The increased level of chromosome aberrations
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occurred only on the level of exchange type, but the number of simple chromo-
some scissions and terminal deletions was not changed (54).

Gienetic diseases with an increased rate of chromosome breakage frequently
lead to malignant diseases. But it seems that irregular chromosome changes
in tumor cells are not the cause but the produect of a malignant transformation
of the cell. Virus-induced chromosomal breaks closely resemble those that can
be obtained by application of antimetabolites and DNA-base analoga. The
mechanism through which viruses cause chromosomal mutations is unknown.
Direct enzymatic action of wirus protein, virus-dependent liberation of
lysosomal enzymes and virus-induced inhibition of DNA repair are in
discussion. Although the mechanism is not known, it is of potential importance
for cell death, carcinogenesis, aging, teratogenesis and somatic and germ cell
mutations. Inhibition of one part of the DNA repair might easily involve at
the beginning small invigible deletions or point mutations. Frameshift mutations
in the lysosomal gene of bacteriophage T, were investigated by demonstration .
of the insertion of four bases and the preferential occurrence of base addition
in acridine mutagenesis (55). SMITHIES et al. (56) described deletions in immuno-
globulin polypeptide chains as evidence for breakage and repair in DNA.

In rheumatoid diseases structurally changed immunoglobulins are syn-
thesized, and in lupus erythematosus also antibodies against DNA are produced.
In whole white blood cells of L. E. patients we could detect a reduced DNA
repair, but till now there is no evidence if it is really a reduced repair capacity
of immunocompetent cells or a shift from lymphoeytes to terminal cells which
show less DNA repair (57). On the other hand, no reduction of DNA repair
could be detected in fibroblasts of L. E. patients (58). L. E. may be considered
as prototype of an immune complex disease (ICD). Some viruses have the
ability to protect the organism against immune complex diseases while others
enhance the disease process.

Investigations of the different repair steps in lymphoeytes have shown that
there exists an endonuclease that attacks alkylated DNA but not normal or
UV-irradiated DNA (59). The disease most often investigated with respect
to DNA repair is xeroderma pigmentosum. The defective enzyme is an endo-
nuclease, because cells of X.P. ean repair DNA strand breaks after ionizing
radiation. The connection between unrepaired DNA and carcinogenesis in X. P,
is still unclear because many malignant cells have no direct effect in DNA re-
pair (58). RNA-dependent DNA polymerase of oncogenic RNA viruses can be
detected by its capacity to copy synthetic RNA-DNA hybrids (60). Recently
an RNA -dependent DNA polymerase could be found in X.P. skin cells which is
absent in normal cells. It was assumed that virus infective X.P. cells and the
transformation of cells are possible in connection with defective DNA repair (61).
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The time is not far that we can choose appropriate genes to cure genetical-
dependent defects in mammalian cells and incorporate strange DNA by re-
combination processes in the cells so treated (62). Therefore research on
DNA repair will be a fascinating field also in the future.
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DNA Repair in Lymphocytes and Some Other Human Cells *
A. Nﬂ]’-ﬂ!&ﬂ

Rasmussen and Painter (1) provided the first evidence for DNA repair
in mammalian ecells when they showed by autoradiography that radiation
induced the uptake of labelled thymidine into the DNA of cells that were not
in the normal phase of DNA synthesis. This unscheduled DNA synthesis, as
it is now generally called, is illustrated in Fig. 1 which shows an autoradiograph
of human spermatogenic cells that had been irradiated with ultraviolet light
and then incubated for two hours with tritiated thymidine (*HTdR). The ultra-
violet light has induced the incorporation of SHTdR into the nuclei of the
spermatogonia and spermatocytes, probably also into the spermatid nuclei,
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Fig. 1. Unscheduled DNA synthesis in human spermatogenic eells. The large nuclei with

many grains over them are in spermatogonia and spermatocytes. The small, dark, sparsely

labelled nuelei are in spermatids. Three unlabelled sperm heads (small ovals with light
centers) are also evident.

* Supported in part by the USAEC and the California Institute for Cancer Research.
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but not into sperm heads. It is clear from this example that unscheduled DNA
synthesis (UDS) cannot be demonstrated in every cell type, but it has been
demonstrated in human cells from a variety of both normal tissues and ma-
lignant tumors.

Ionizing radiation, ultraviolet light, and the alkylating agent methyl
methanesulfonate induce UDS in human peripheral blood lymphoeytes and
polymorphonuclear leukocytes. UDS can be demonstrated by autoradio-
graphy in all stages of the mitotic cycle except S phase in populations of lym-
phocytes that have been induced to transform and proliferate by the mitogen

100 - /./——-
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O Untransformed cell
® Unstimulated cell
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Fig. 2. Unscheduled DNA synthesis in a population of proliferating lymphoeytes. The

open symbols are for cells that had been incubated for 72 hrs with PHA, then irradiated

with ultraviolet hght and incubated for 1 hr with *HTdR. The closed symbols show

the comparable results with lymphoeytes which had not been stimulated by PHA. The

ordinate shows the per cent cells with grains over their nuclei equal to or less than the
grains per cell on the abscissa.

phytohemagglutinin (PHA). The rate of UDS is greater by a factor of two to
three in the transformed and proliferating cells than in cells that had not been
exposed to PHA (see Fig. 2). The presence of a vigorous UDS in metaphase
chromosomes should help dispel the notion that chromosomes are meta-
bolically inert during this period of maximum condensation. The presence
of UDS cannot be demonstrated autoradiographically during the period of
normal DNA synthesis, but it can be inferred from experiments demonstrating
that repair replication and the repair of single-strand DNA breaks are induced
by radiation during the period of normal DNA synthesis.

The proportion of cells in normal DNA synthesis is very small in lymphocyte
populations — about one in a thousand — when they are drawn from the peri-
pheral blood. For that reason, it is possible to study the rates of UDS using

i —
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liquid scintillation counting rather than the more tedious grain counting in
autoradiographs to measure the amount of *HTdR incorporated into the
lymphoeyte DNA. The rates of UDS during the first hour following exposure
of the lymphoeytes to ionizing radiations can be represented adequately by
a simple enzyme model for which the substrates are *(HTdR and the radiation-
induced lesions in the DNA (2). In terms of the model, the effect of anoxia is
to decrease twofold the concentration of lesions; the action of PHA doubles
the concentration of enzymes prior to the onset of normal DNA synthesis.
Applications of the model to data acquired in additional studies (3-5) have
vielded estimates of a number of parameters characterizing the rate limiting

Table 1. The rate limiting step in the rejoining of single-strand DNA breaks and in
unscheduled and normal DNA synthesis in human lymphoeytes.

Rejoining of

Unscheduled DNA synthesis

. e : Normal DNA
Parameter single-strand lonizing ultraviolet svnthesis
DNA breaks radiation light F TR
Activation energy 19 + 0.4 16-18 18-25 21-24
(keal/mole)
Temperature at near 40 near 42 42-44 37-40

maximum rate (°C) :
Half-life of rate — 14 1 63
controlling step (min) :

Enzyme molecules/ - 1-2 x 108 5 x 18

cell i

Maximum rate of 10" breaks/ 108 nucleo- {  10* nucleo- 107 nueleo-
repair or synthesis cellfmin tides/cell/min : tides/cell/min | tides/cell/min

step during the first hour following exposure of the lymphocytes to either
ionizing radiations or ultraviolet light. Some of these estimates are shown
in Table 1.

Recently we have concluded a study of the kinetics of single-strand break
repair in lymphocyte DNA (6). The number of breaks were calculated from
measurements of the sedimentation velocity of the DNA on alkaline gradients.
Some of the parameters characterizing the rate limiting step are also shown
in Table 1. It can be seen that the activation energy and temperature of maxi-
mum rate are similar in the rate limiting steps for the rejoining of strand
breaks and for UDS stimulated by ionizing radiation. Moreover, the number
of breaks per rad and the maximum rate of rejoining of single-strand breaks
are similar respectively to the number of lesions per rad and the maximum
rate of incorporation of nucleotides per cell in UDS. It seems likely, therefore,
that UDS stimulated by ionizing radiation and the rejoining of single-strand
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breaks share the same rate limiting step. However, three different enzymatic
steps appear to limit the rates of UDS induced by ionizing radiations, UDS
induced by ultraviolet light, and normal DNA synthesis.

Chromosome aberrations induced by physical, chemical and biological
agents in human lymphocytes have been the subject of intense study during
the past two decades. If we adopt the simple model that the chromosome is
basically a double-stranded DNA molecule or a linear array of such molecules,
we expect a close relationship between the breakage and repair of DNA and
the production of chromosome aberrations. However, no simple relationship
exists (7). For example, on the simple model .a double-strand break in DNA
should result in a terminal deletion in the chromosome. The number of double-
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Fig. 3. The effeet of varying the time between two 450 rad doses on unscheduled DNA
synthesis. The lvmphoeytes were incubated for a total of 2 hrs in *HTdR. The effect of
a single dose of 450 rad is also shown.

strand breaks in lymphocytes is proportional to the dose of ionizing radiation,
and the yield is about one double-strand break per cell per rad. The yield of
terminal chromosome deletions is also roughly proportional to dose, and the
yield is of the order of 102 deletions per cell per rad. There is a discrepancy
of three orders of magnitude, therefore, between the yield of aberrations and
yield of double-strand breaks instead of the one to one correspondence ex-
pected on the simple model. Moreover, there is no evidence for a repair of
double-strand DNA breaks that would account for such a diserepancy. Again,
on a simple model, chromosome exchange aberrations should result from the
interaction of single-strand breaks. However, single-strand breaks show a half-
life of about 14 minutes at low X-ray doses, whereas split-dose experiments
on the yield of dicentrics suggest a half-life of about an hour. The interaction
of radiation-induced breaks is not evident in the experiments on UDS.

Fig. 3 shows the results of varying the time between doses. As can be seen,
the effect of two 450 rad doses is just equal to that of one 900 rad dose regard-
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less of the time interval between the doses. These results may mean nothing
more than that the great majority of breaks are repaired without interacting
to give rise to chromosome exchange aberrations. They illustrate the point,
however, that there is no obvious simple relationship between the breakage
and repair of DNA and the production of chromosome aberrations.

' Sperm can be considered as terminal cells with short lifetimes. The absence
of UDS is not unexpected, therefore. (It would be interesting to learn whether
DNA damage in the sperm is repaired in the fertilized ovum.) The polymorpho-
nuclear leukocytes are also terminal cells with a short lifetime. The number of
enzyme molecules involved in the rate limiting step of ultraviolet light-induced
UDS is an order of magnitude smaller than the number in lymphocytes (5).

Table 2. Unscheduled DNA synthesis in peripheral blood lymphoeytes from old and
young humans.

Average Average Average

Age of Metaphase grains in grains in Zrains in

freaquency | Metaphase trans- untrans-

Kiox i chromo- formed formed

somes cells cells

Donor 1 Bl vears 2/1000 18 19 13
Doneor I1 76 vears 1/1000 12 10 10
Donor 111 25 years 150/ 1000 29 23 16

The lymphocytes were exposed to a UV dose of 25 ergs/mm? and then labelled for 1 hr
with SHTdR. The cells were then cultured for 72 hrs with PHA and, during the last 12 hrs,
with colcemide,

If a decrease in the number of repair enzymes is characteristic of cells as they
approach the end of their life span, then we may expect to find a reduced UDS
in cells obtained from old donors. Table 2 shows a comparison of UDS in lym-
phocytes obtained from three donors 25, 79, and 81 years old. The most
marked change with age is in the fraction of cells which can be induced by
PHA to enter the mitotic cycle. The data also show a consistently smaller
uptake of 3HTdR in the cells that respond to PHA by transforming than in
those which remain untransformed. This functional division of cells by their
response to mitogens and other agents is simply a reflection of the fact that
the peripheral blood lymphocytes consist of mixed populations of biologically
heterogeneous cells. One more point is worth noting: a dose of 25 ergs/mm?
of ultraviolet light resulted in good labelling of the lymphocytes without
inhibiting markedly — at least in the young donor — the proliferation of the
lymphocytes. We have used this technique successfully to label the DNA of
lymphocytes in experiments on the transfer of mitogenic stimulationt between
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lymphocytes. Whether there is a significant loss of repair enzymes with advane-
ing age remains to be confirmed, and the relation of such loss to the recently
reported accumulation of DNA-strand breaks with aging (8) or the increased
aneuploidy with age of donor in peripheral blood lymphocytes (9) remains
to be discovered.

The incidence of cancer in man is a very strong function of age. We have
examined some thirty samples of spontaneous tumors obtained from seventeen
patients and have not been able to detect a significant decrease in UDS induced
by either ultraviolet light or ionizing radiation (10). We have also carried out
some preliminary measurements on the inhibition of UDS by a number of

100+

®a Cells

® Acriflavine 10-4M
O Actinomycin D 10-5M
A Thiotepa 0.21 m%fkg
O Contral ¥ Hydroxyurea 10-3 M
& X-ray ® Fluorouracil 15mg/kg
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Fig. 4. The inhibition of unscheduled DNA synthesis in a spontaneous human tumor.

The cells from an endometrial tumor received a dose of 21 krad of 6 MeV electrons and were

then incubated for 1 hr with *HTdR in the presence of the indicated drugs. The

graph shows the per cent of cells (on the ordinate) with a grain count over their nue-
lei equal to or less than the grains per cell (on the abscissa).

drugs. Fig. 4 shows the results of one such experiment on cells from an endo-
metrial tumor. Table 3 summarizes the preliminary results in a number of
tumors. The inhibition of UDS and of the fraction of cells in S by some drugs
is evident. We have been carrying out a more detailed study on the action
of acriflavine. This drug can inhibit UDS when added after irradiation and
when it is bound to DNA in the ratio of one acriflavine molecule per fifty DNA
base pairs. It also remains bound to lymphoecyte DNA even after repeated
washings and prolonged incubation. We hope that further studies will help
elucidate the action of inhibitors which have some potential for clinical use.
Meanwhile the data in Table 3 show that it is feasible in selected cases to study

in tumor samples the action of drugs both on unscheduled and normal DNA
synthesis.

1
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Repair Replication after X and UV Irradiation in Rodent
Tumor Cell Lines in Vitro

MarcareT and B. W. Fox

Our initial observations — Avap and Fox (1968), Fox, Avap, and Fox
(1970) — of incorporation of *H IUdR into the light non-replicating DNA after
low doses of X-rays have led to certain contradictions amongst our own and-
other people’s data. The results of the original experiments are shown in Figs.
1 and 2.

SH activity was consistently associated with the light DNA peak and re-
mained associated with it after denaturation. This activity amounted to ap-
proximately 109, of that present in the hybrid density peak, and was not
reduced when normal DNA synthesis was inhibited by hydroxyurea 10-2M.

These observations were in marked contrast to those of PainTEr and
CLeavER (1967) who reported that repair replication could not be detected
after X-ray doses lower than 100,000 rads in Hel.a cells. Later PatxTER (1970)
reported the phenomenon after doses of 1,000 rad, and BrexT and WHEATLEY
(1971) using synchronized HeLa cells have obtained some evidence for its
occurrence after 500 rad and could clearly demonstrate it after 1,000 rad.

In P388F cells, for the amount of *H activity incorporated into the light
DNA peak one would expect to detect some shift in density compared with
the light unlabelled DNA peak; however, none was observed. In addition,
unless approximately 109, excess DNA is synthesized which has been reported
by Savapa and Okapa (1970) in L5178Y lymphoblasts, then this extensive
incorporation would necessitate extensive DNA degradation. We have looked
for DNA degradation in P388F cells prelabelled with *3IUdR in order to reduce
reutilisation, but in common with other workers — LiTTLE (1968), PAINTER
(1968), DaLrymMpPLE et al. (1969) and Hirn (1969) — have failed to detect any
loss of label from DNA irradiated with up to 1,000 rad. These results are shown
in Table 1.

A close correlation both quantitatively and qualitatively has been observed
between repair replication and unscheduled synthesis (PAINTER, 1970). We
have looked for unscheduled synthesis in P388F cells after X-ray doses up
to 1.000 rad. Using doses of *H TdR and exposure times which would have
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Fig. 1. UsCl density gradient profile (pH 7.0) of DNA from P 388F cells after growth for

3 hours in unlabelled IUAR 2 pg/ml followed by eulture for 3 hours in *H IUdR. DNA was

isolated by the Marmur procedure. a) Control, b) 150 rad, ¢) 150 rad with hydroxyurea
10*M added immediately after irradiation. ©0—0 K260, @—e *H c.p.m.
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Fig. 2. As for Fig. 1, but DNA was denatured by heat 100° C for 10 min, before banding
in pH 7.0 CsCl gradients. O—0 E 260, @—@ *Hc.p.m.
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enabled us to detect unscheduled synthesis to the extent of 19 of the rate
of normal synthesis, no differences between control and irradiated cultures
could be detected (Table 2; cf. the 109, repair activity observed in the CsCl
gradients).

A feature of the original data was that there was no increase in amount of
activity incorporated into the light DNA peak as the X-ray dose increased.

Table 1. P388F cells were cultured in IUdR for 2 cell doublings, 24-28 hours, then

washed and resuspended in medium containing unlabelled IUdR. After irradiation,

samples were taken at hourly intervals, washed 2 times in saline containing unlabelled
thymidine, then extracted with eold and hot PCA.

o/ total activity recovered 3. A. of DNA
Time after % 104
irradiation Control 500 rad
(hrs) ] .
Medium cold PCA Medium cold PCA U alir
0.5 1.4 0.15 .91 0.2 1.9 2.3
1.0 1.1 0.33 ; 0.2 4.2 2.5
1.5 1.5 0.20 1.7 0.3 2.7 2.4
2.0 2.4 .15 2.1 0.2 3.1 3.0
3.0 2.1 0.13 24 0.3 2.8 3.0
4.0 2.0 0.14 2.4 0.3 3.2 2.6

Table 2. Percentage labelled cells in P 388 F cultures after irradiation with various doses

of X.rays. Cells were ineubated prior to irradiation in *HTdR 1.0 pxCifml 8. A. 22 CifmM

for 1 hour, then after washing in medium containing unlabelled thymidine were re-in-

cubated in medium containing *HTdR 1.0 uCi/ml for a further 1 hour. Autoradiographs
were exposed for 4 weeks.

Percentage labelled cells
Dose (rad)

= 250 grains H5-20 grains Total
C 53.6 12.1 65.7
150 57.9 14.8 T2.7
300 55.0 11.0 65.0
500 52.9 11.5 64.4
1000 49.0 10.0 59.0

This is in contrast to the observations of ParNTER (1970) and BrENT and
WaearLey (1971). The increase in repair replication with increasing dose
has been used as an argument against its having a biologically significant role,
i.e. it may be merely a response.to damage which increases as the amount
of damage increases. The absence of a dose response as shown in Table 3 could,
however, be used to argue in favour of a biological role for repair replication,
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but it would necessitate the postulation of a repair system that was already
saturated at adose of 150 rad. This is a somewhat tempting speculation, how-
ever, since above doses of 150 rad the X-ray dose-response curve for P388F
cells becomes exponential.

In view of these discrepancies we have repeated the experiments with
P388F cells and, in addition, have looked for repair replication in two strains
of L5178Y cells which have widely differing radiosensitivities.

Recently GorrLiEB et al. (1970) have reported the presence of a lipid/ DNA
-complex in isolates of DNA from primed lymphocytes labelled with *H BUdR

Table 3. Summary of data from originally published (1968, 1970) gradients for X-ir-
radiated P388F cells showing large amounts of srepair« associated with the normal
density regions.

DNA specific activity e.p.m./OD unit
Eepair
i H.L. L.L. Total | Normal ®
(hybrid band) (light band)

Control 8570 378 1900
C + HU 420 - 10.0
150 rad 8700 B70 2300
150r + HU 410 850
tC + IUdR 4360 - 825 16.8
t220r 4+ IUdR 2787 469+ 1005
tC 5800 — 850 9.5
+300r 4100 383 1100
C 9160 328 1930 13.8
400r 7150 970 2110

* Repair incorporation in this instance was in the heavy position.
t X-ray doses in this instance were matched to give equal survival ~ 10%,.

but not when lymphocytes were labelled with *H TdR. This complex consist-
ently banded at a slightly lighter density than normal unlabelled light DNA
in neutral CsCl gradients, i.e. at 1.685 gm/em?.

Friepman and MutLLER (1969) have also reported the presence of a lipid-
enriched DNA component in synchronized cultures of HeLa.cells. This material
was extracted from the interphase of a phenol-water extraction procedure
after pulse-labelling the HeLa cells with *H thymidine. The main part of the
DNA had been previously labelled with ¥C thymidine. On centrifugation in
neutral CsCl gradients, between 30-609, of the *H-labelled DNA floated whilst
the remainder sedimented at the same density as the bulk of the “C-labelled
DNA. DNA pulse-labelled in this way gradually became converted into an
extractable form, i.e. more and more banded with the “C-labelled material
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as the duration of the 3H thymidine pulse was increased. If hydroxyurea was
added to the cultures, the DNA did not become converted to an extractable
form, i.e. continued to band at a light density.

It appears likely, therefore, that the DNA species reported by GorrrLies
et al. (1970) after growth of cells in H BUdR and the lipid-enriched fraction
reported by Friepman and MUELLER (1969) represent, as suggested by these
authors, DNA bound to the nuclear membrane which can be extracted with
varying efficiency by different DNA isolation methods. The species appears
to be made more dense by incorporation of *H BUdR or *H IUdR so that it
bands in a CsCl gradient instead of floating as it does when labelled with *H
thymidine.

Release of low molecular weight material from lysed cells by relatively high
doses of X-rays has been deseribed by OrRMEROD and LEnmax (1971). Under
the conditions of their experiments, the majority of the DNA floated in CsCl
gradients, but as the radiation dose was increased, more and more of the DNA
banded within the gradient. These workers have proposed that replicating DNA
is attached to the nuclear membrane and that radiation-induced breaks be-
tween the attachment points release free DNA segments, which then show the
predicted sedimentation characteristics.

In our original experiments, activity remained associated with the light
DNA peak after denaturation. The lipid/DNA complex reported by FRIEDMAN
and MUELLER (1969) and by GorTLieEe (1970) was sensitive to denaturation
by heat and by 0.15N NaOH. Burpox, however, recently (1971) has reported
a DNA species associated with a lipid fraction which renatures very rapidly,
and Branic and Frasegr (1971) have reported that up to 109, of Ehrlich-
ascites DNA after denaturation was not sensitive to digestion by a nuclease
from Neurospora crassa specific for single-stranded DNA. This fraction had
an anomalous G.C. content, banded at a density of 1.684 gm/em?® in CsCl and
probably represents highly repetitive DNA sequences.

It seems possible, therefore, that since in our original experiments formal-
dehyde was not used, some rapid renaturation could have occurred, either of
the complex or of some repetitive DNA sequences, thus accounting for the
persistance of activity associated with single-stranded DNA.

In view of these observations and a communication from Dr. PaiNnTER that
he had been unable to repeat our observations in P388F cells, we reasoned
that the observed labelling in light peak in our experiments was possibly the
result of an artefact due to contamination of the light DNA peak with 3H
IUdR-labelled complex.

Initially, therefore, we isolated DNA from cells labelled with 3H BUdR for
6 hours using three different methods:
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1. PAS-phenol,
2. SDS-phenol,
3. SDS-chloroform: isoamyl aleohol.

The DNA was extracted from ~ 1 3 10® cells in each sample and the
supernatant precipitated with ethoxyethanol. The interphases from each
extraction were reextracted in each case with PAS and phenol, the super-
natant was either precipitated with ethoxyethanol and dissolved in SSC, or
these DNA’s were dialysed for 2-3 days to remove PAS before banding in
CsCl.

41750

-

cpm. x10-% (3H)

i
o] 10 20 o 40
Fraction number

Fig. 3. CsCl density gradient profile (pH 7.0) of DNA isolated by the SD5S-phenol method
from P 388 F cells after culture for 6 hours in *H BUdR. O0—0O E260, ¢—e *H c.p.m.

The yield of DNA obtained by the three different methods varied greatly.
Methods 1 and 2 gave an approximately 10 times greater yield than method 3.
Equal amounts, 1-2 OD units of DNA isolated by each method were banded
in neutral CsCl gradients. DNA isolated by methods 1 and 2 showed highly
anomalous banding patterns as shown in Fig 3.

There are two peaks of labelled DNA, one sedimenting somewhat heavier
than expected for hybrid DNA at a density of 1.75, the other at a density
lighter than the light unlabelled DNA peak, i.e. 1.71 gm/em3. It should be
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noted that in this case »light « unlabelled DNA also sedimented at an anoma-
lous density, i.e. 1.725 gm/em® DNA isolated by the Marmur procedure
(method 3) also showed an anomalous banding pattern but to a lesser extent
than that shown by DNA isolated by the other two methods. With decreasing
amounts of complex, the density of the light DNA peak decreased, and
approached that normally seen for light unlabelled DNA.

Interphase DNA when banded in CsCl after methods 1 and 2 showed even
greater amounts of scomplex«, the H activity in the complex sometimes
exceeding that in the hybrid DNA peak. Complex was consistently isolated
both from the spooled DNA and the interphase when methods 1 and 2 were
used and from the interphase after the Marmur extraction. DNA precipitated
after chloroform isoamyl alcohol extraction showed varying amounts of com-
plex. DNA isolated from the interphase after a chloroform isoamyl alcohol
extraction was subjected to sonnication for 20 sec. The complex was disso-
ciated by sonnication as shown in Fig. 4.

The amount of complex was also markedly reduced by treatment with
phospholipase A but not with amylase (Fig. 5). The material in the complex
was also sensitive to heat denaturation in the presence of formaldehyde as
will be shown later. It would appear, therefore, that in certain circumstances
the presence of this DNA complex could be mistaken for srepair «.

P388F cells were cultured in unlabelled IUdR for 3 hours, then in ®H TdR
together with unlabelled IUdR for a further 3 hours after irradiation with
doses of X-rays up to 1500 rad. After isolation by the Marmur procedure DNA
was banded before and after denaturation (100° C for 10 min in the presence
of 1M formaldehyde) in neutral CsCl gradients. Fig. 6 shows the pattern
obtained from control cells and from those irradiated with 300 and 500 rad.
The control shows the main unlabelled DNA peak banding at a density of
1.710 gm/em?®. There is associated with the control DNA peak a small amount
of label which bands at a density of 1.685 gm/em?®. After 300 and 500 rad
label was again found associated with the light unlabelled DNA peak but the
peak of the radioactivity was again shifted to the right of the absorbaney peak.
Banding of DNA from cultures irradiated with 1000 and 1500 rad produced
similar patterns as shown in Fig. 7.

In this case (Fig. 7) the control shows no activity associated with the light
peak, which bands close to the expected density, whereas the cultures irra-
diated with 1000 rad and 1500 rad show activity which bands under the OD
peak. There is, however, no increase in activity with increasing dose. These
findings demonstrate quite clearly how *H activity associated with the light
unlabelled DNA peak can be mistaken for »repair¢ in the initial gradient,
and that the »complex « cannot be routinely isolated by the Marmur procedure.
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In these two experiments, all the DNA samples were isolated at the same time
using the same number of cells and the same volume of saline EDTA in the
initial lysis stage.

The complex did not reproducibly remain associated with the light DNA
after rebanding as is shown in Fig. 8. The control DNA shows no activity to
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Fig. 4. DNA, from P388F cells harvested after growth for 6 hours in *H BUdR, was

isolated from the interphase, after a Marmur extraction, by PAS-phenol. Neutral pH 7.0

CsCl density gradient profile. a) Control, b) DNA sonnicated for 20 zec. §—@ E 260,
O—0 *H c.p.m.
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Fig. 5. Interphase DNA labelled as for Figs. 3 and 4 banded in a neutral pH 7.0 CsCl gra-
dient. a) Control, b) after treatment with amylase, ¢) after treatment with phospholi-
pase A.
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Fig. 6. DNA was isolated by the Marmur procedure from P388F cells after culture for
3 hours in unlabelled IUdR followed by 3 hours in unlabelled IUdR together with*H TdR
neutral CsCl gradients, from a) Control, b) 300 rad, ¢) 500 rad. O—0O E260, e—e °H

C.p.m.
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the right of the normal density DNA peak, the 300 rad sample also shows
virtually no activity, but after the 500 rad, significant activity is present
banding at a density of 1.685 gmjem?® It should be noted that the density
of the light DNA peak which in the original gradient was 1.710 was on
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Fig. 7. I.'II';.'A isolated from cells eultured as deseribed for Fig. 6 and banded in neutral
CsCl gradients. a) Control, b) 1000 rad, ¢) 1500 rad. O—O EZ260, ¢—e *H c.p.m.
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Fig. 8. Reband in neutral pH 7.0 CsCl gradients of normal density regions from gradients
shown in Fig. 6. Fractions 20-35 were pooled in each case, dialysed to remove the CsCl
and then banded. O—O E260, ®—@ *H c.p.m.
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rebanding 1.690. The instability of the complex on rebanding may be due to
differential shearing of the complex during processing for rebanding,

The complex was dissociated by denaturation of DNA by heat (100° C for
10 min) in the presence of 1M formaldehyde as is shown in Fig. 9. There
was no evidence for radiation-stimulated repair replication up to 1500 rad
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Fig. 9. DNA from cells cultured as described in Fig. 6 was denatured by heat (100 C for
10 min) in the presence of 1 M formaldehyde, then banded in neutral CsCl gradients.
a) Control, b) 1000 rad, ¢) 1500 rad. O—0 E 260, @—e *H C.p.m.
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even after rebanding the light DNA regions from these gradients. Thus, neither
repair replication nor unscheduled synthesis has been detected in P388F cells
using doses of up to 1500 rad. This result is in line with those of ParntTer
(1971) in a number of other cell lines, i.e. that radiation doses of less than
10° rad do not result in any increase in repair replication over that normally
oceurring in controls.

Surviving fraction

T T T 2] [T FETEaane] oy T T T T

0 05 1.0
krad

Fig. 10. SBensitivity of two lines of L5178Y lymphoblasts to 250 KeV X-rays. Cells were

irradiated in suspension, then plated in 0.39; agar for determination of colony forming

ability. Colonies were counted after incubation for 7 days: A Sensitive, @ Resistant.
Hesults are mean of 2 experiments.

The biological funection of repair replication and unscheduled synthesis
particularly after X-irradiation is still the subject of much debate. Clarifica-
tion of the situation has been hampered by the absence of closely related cell
lines which show large differences in X-ray sensitivity. Recently a series of
mutants of L5178Y mouse lymphoblasts have been isolated which show large
differences in radiosensitivity (CourrTexay, 1970). Dose-response curves for
two of these cell lines are shown in Fig. 10. The techniques used for examina-
tion of the two cell lines for repair replication were the same as those described
for P388F cells. DNA was isolated by the Marmur procedure from both
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sensitive and resistant lines after irradiation with 500 and 1500 rad. On banding
of native DNA in neutral CsCl gradients variable amounts of »complex « were
seen associated with the normal density DNA. DNA’s were denatured as
described and again banded in neutral CsCl gradients; the results are shown
in Figs. 11 and 12. The single-stranded DNA from the normal density region
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Fig. 11. Single-stranded DNA, denatured by heating (100° C for 10 min) in the presence

of 1 M formaldehyde from irradiation-resistant L5178Y lymphoblasts, banded in pH

7.0 CsCl gradients. Cells were labelled with *H TdR in the presence of unlabelled IUdR

as described for P388F cells; DNA was isolated by the Marmur procedure. a) Control,
b) 500 rad, ¢) 1500 rad. @—e E260, O—O *H e.p.m.

of each of these gradients was rebanded. The results for the resistant line are
shown in Fig. 13 and for the sensitive line in Fig. 14. There is a small amount
of activity present in all four gradients from irradiated cultures. This activity,
however, bands towards the heavier side of the light DNA peak and does not
increase with increase in dose. There is no difference quantitatively in the
amount of activity present in gradients from the two cell lines.
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Differences in sensitivity to cell killing by UV between normal skin
fibroblasts and fibroblasts from xeroderma pigmentosum patients were corre-
lated with differences in repair replication (CLEAVER, 1968). However, the large
differences in sensitivity to X-rays observed between these two lines of
L5178Y lymphoblasts could not be correlated with differences in repair re-
plication in these experiments. After UV-irradiation repair replication has been
demonstrated in a number of cell lines within the biological dose range although
cell lines differ considerably in their capacity to perform this function [see
PaixTER (1970) for a review]. We have examined three cell lines for their
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Fig. 12. CsCl gradients of single-stranded DNA from radiosensitive L5178 Y lymphoblasts.
Conditions of experiment were the same as for Fig. 11. a) Control, b) 1500 rad.
*—e E260, 0—0O *H ec.p.m.
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capacity to perform repair replication, all are of rodent origin. They are as
follows: P388F mouse lymphoma cells, and two cell lines originally derived
from Yoshida ascites tumours of rats (Fox and Fox, 1971). The UV dose-
response curve for P388F cells is shown in Fig. 15. There is no shoulder and a
continuously curving curve is seen. The two Yoshida cell lines were originally
isolated because of their sensitivity and resistance to the alkylating agent
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Fig. 13. Rebands of single-stranded DNA from normal density region from resistant
L5178Y cells in pH 7.0 CsCl gradient. a) Control, b) 500 rad, ¢) 1500 rad. 00— E 260,
®—® *Hc.p.m.
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methylene dimethanesulphonate (Fox and Fox, 1971). The sensitive line was
found to be sensitive also to UV, the resistant line showed a similar overall
sensitivity to that of the P388F cell line; however, the dose-response curve
of the Yoshida resistant line is characterized by a shoulder which is absent
from the dose-response curve of the sensitive line and of P388F cells

(Fig. 16).
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Fig. 14. Rebands of single-stranded DNA from normal density region from sensitive
L5178 cells. a) Control, b) 500 rad, ¢) 1500 rad. ©O—0O E260, ¢—@ *H c.p.m.
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Fig. 15. Dose-response curve for P388F cells after irradiation with UV. Cells were ir-
radiated in phosphate-buffered saline, then diluted into medium and serum before plating
in 0.39%, agar for determination of colony-forming abihity.
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Fig. 16. Dose-response curves for Yoshida cell lines selected for sensitivity and resistance

to methylene dimethanesulphonate after irradiation with UV. Cells were plated in agar
for determination of colony-forming ability.
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Differences in sensitivity of Chinese Hamster cells to inactivation by UV
have been correlated with differences in the amount of unscheduled synthesis
by CLEAVER (1969). Approximately 309 less unscheduled synthesis oceurred in
the sensitive cell line than in its resistant counterpart. Xeroderma cells which
show greatly increased sensitivity to UV D, 9 ergs/mm?® compared with 29
ergs/mm? also show greatly reduced repair replication and unscheduled DNA
synthesis (CLEAVER, 1970). It seems, therefore, that there is strong evidence
that repair replication contributes to survival of UV-irradiated cells. To test
the generality of this assumption, we have compared repair replication after
UV irradiation in the two Yoshida cell lines which show a fivefold difference
in sensitivity to UV.

Table 4. Unscheduled synthesis induced in P388F cells by exposure to UV irradiation.

Cells were prelabelled with *HRdR 1.0 uCi ml (22 Ci/mM) for 1 hour, centrifuged, washed

2 times in saline containing unlabelled TdR, then suspended in PO, -buffered saline for

UV irradiation. After irradiation they were resuspended in fresh medium containing

*HTdR 0.2 uCi/ml, and incubated for a further 1 hour before fixation and staining for
autoradiography.

Percentage labelled cells

2 weeks exposure 4 weeks exposure
H.L. L.L. Total H.L. L.L. Total
= 200g| 11-15 g Yo + = 200g| 10-15¢g o +
C 52.0 8.6 60.6 58.6 13.2 71.8
50 ergs/mm? 31.9 55.7 87.6 54.0 42.5 96.5
200 ergs/mm? 49.5 45.4 04.9 55.4 41.5 96.9

Evidence for repair after UV irradiation was sought in P388F cells and in
the two Yoshida lines in a similar way. Cells were cultured in unlabelled TUdR
for 3 hours, resuspended in phosphate-buffered saline for irradiation, then
cultured in complete medium containing SHTdR, unlabelled IUdR and hy-
droxyurea 102 M for a further 3 hours before harvesting. DNA was isolated
by the Marmur procedure and banded in neutral CsCl gradients before and
after denaturation as before.

Unscheduled synthesis is clearly demonstrable in P388F cells, almost 1009,
of cells were labelled after a dose of 200 ergs/mm? and 2 weeks’ expostire of the
autoradiographs (Table 4). Assuming that control cells undergoing normal DNA
synthesis accumulated 500 grains in 2 weeks, calculated from exposure of control
slides for 48 hours, then unscheduled synthesis, 10-15 grains/cell after 14 days, is
~.029%, of that in control cultures.
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DNA was isolated from P 388 F cells exposed to a dose of 200 ergs/mm? and
cultured in hydroxyurea 1072 M after irradiation. This DNA was compared
with DNA from control hydroxyurea-treated cultures after denaturation and
banding in a neutral CsCl gradient. The specific activity of the denatured
normal density DNA from control cultures was 67.5 c.p.m./OD and that from
cultures given 200 ergs/mm? was 422 c¢.p.m./OD, i.e. there is an increase by
a factor of 6 at this dose of UV. In neutral gradients of native DNA, a small
shoulder of activity under the normal density DNA was visible after 200
ergs/mm?2.

The data for the two Yoshida cell lines are summarized in Table 5. In the
initial gradients of native DNA from cultures grown in the presence of
hydroxyurea after UV irradiation a clear difference was seen between the
amount of repair replication occurring in the UV sensitive and resistant

Table 5. Specifie activities of normal-density DNA of Yoshida cells sensitive and resistant
to UV irradiation,

T = = 5. A. of normal density
Cell line LY Qos DNA c.p.m./OD unit
Yoshida resistant 0 173.4

100 ergs 367.8
200 ergs 547.8
Yoshida sensitive i 165.5
100 ergs 287.3
200 ergs 327.8

Specific activities were caleulated from initial gradients of DNA denatured by heat
(100° C for 10 min) in the presence of 1 M formaldehyde. Cultures were grown in unlabelled
IUdR 2 pgfml for 3 hours prior to irradiation and then in unlabelled IUdR in the
presence of SHTdR 0.2 pCi/fml S.A. 22 Ci/fmM plus hydroxyurea 102 M for 3 hours
before harvesting. DNA was isolated by the Marmur procedure, the supernatant after the
final chloroform: isoamyl aleohol extraction was dialysed for 3 days against SSC before

banding.

lines after doses of 100 ergs/mm? and 200 ergs/mm? After denaturation
(heat + 1 M formaldehyde) the difference was even more obvious. The specific
activity of the normal-density DNA of the sensitive cell line increased by a
factor of 2 over that of control after irradiation with 200 ergs/mm? whereas the
specific activity of the normal-density DNA of the resistant cell line was
greater than of the control by a factor of 3 at this dose level.

The two Yoshida cell lines thus appear to behave in a manner similar to
that reported by CLEAVER (1968, 1970) for cells derived from xeroderma cells
compared with normal skin fibroblasts. The sensitive cell line does, however,
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show some capacity for repair of UV damage whereas xeroderma cells are
reported to lack this ability completely. A further similarity lies in the fact
that both Yoshida cell lines show similar sensitivity to cell killing by X-rays
and the monofunctional alkylating agent MMS, and it has been reported re-
cently that xeroderma and normal fibroblasts show equal amounts of un-
scheduled synthesis after X-rays (CLEAVER, 1969) and repair replication after
MMS (CLEAVER, 1971).

In conclusion, therefore, P388F and L5178YS and L5178YR cells have
been tested for repair replication and unscheduled synthesis after X-rays.
No differences could be detected between the two L5178Y lines in spite of the
large difference in X-ray sensitivity. Repair replication was not demonstrable
after doses of up to 1500rad. P388F cells show unscheduled synthesis after
50 and 200 ergs/mm? UV irradiation and repair replication has been demon-
strated after a dose of 200 ergs/mm?®. The two Yoshida cell lines studied show
similar sensitivities to X irradiation and the monofunctional alkylating agent
MMS but have an approximately fivefold difference in sensitivity to UV.
Repair replication was easily demonstrated in the Yoshida cell line resistant
to UV after 100 and 200 ergs/mm?. In the sensitive cell line it was significantly
less. The two Yoshida cell lines thus behave in a very similar way to xeroderma

and normal fibroblasts.
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Different Forms of Repair of Alkylated
Mammalian Cell DNA

J.J. RoBERTS

In order to be certain that so-called DNA repair phenomena are involved
in the recovery of cells from the effects of alkylation it is necessary to establish
that alkylation of DNA results in a particular biological effect on cells. The
ideal would be to find that repair of DNA is accompanied by the elimination
or modification of specific mutagenic effects of alkylation in mammalian cells.
Mammalian cell genetics is only beginning to approach this degree of sophisti-
action. Alkylation of DNA is probably involved in carcinogenesis but there
is no precise definitive evidence to support this view at present. There are
many indications, however, that reaction with DNA leads to cell death. Thus,
at concentrations of mustard gas permitting high survival of cells in culture
the only detectable biochemical effect is an inhibition in the rate of DNA
synthesis (1), and this inhibition is a consequence of alkylation of DNA per se
and not due to the inhibition of enzymes involved in DNA synthesis. Inhibi-
tion of DNA synthesis leads to an extended S phase and subsequent mitotic
delay (Fig. 1). That the mitotic delay is the result of the inhibition in rate
of DNA synthesis following alkylation of DNA was confirmed by showing that
G,-treated cells divide normally and then, following a depression in DNA
synthesis in the succeeding cell cycle, undergo a mitotic delay (2). Mustard gas-
induced cross-links either interstrand or intrastrand, presumably interfere with
semiconservative replication of DNA. Thus cells become blocked in the S phase
and continue to synthesize DNA at a reduced rate. Since RNA and protein
synthesis are unaffected cells enlarge to form giant cells. Eventually, some of
these cells which have been treated with low concentrations of mustard gas
divide. That these effects are a consequence of a direct reaction with DNA is
supported by the levels of alkylation of DNA, RNA and protein molecules follow-

Abbreviations: MM methyl methane sulphonate
MNU N-methyl-N-mtrosourea
MNNG N-methyl-N’-nitro-N-nitrosoguanidine
BudR  5-bromo-2'.deoxyuridine
TdR thymidine



42 J. J. Roberts

ing treatment of cells with mustard gas. At the D, dose of mustard gas for
HeLa cells less than 1 molecule of protein (mol. wt. 1 < 10%) in 2000 but every
molecule of DNA of mol. wt. 3 x 10® daltons was alkylated. Hence protein
enzvmes involved in the replication of DNA are not likely to have been inhib-
ited by these concentrations of mustard gas. Indeed no inhibition of thymidine
kinase could be achieved even with appreciably higher concentrations of
mustard gas than were required to inhibit DNA synthesis.

(‘hemical, biochemical and biological observations indicate that cells recover
from the otherwise lethal effect of DNA alkylations thus implying the existence

Effect of mustard gas on DNA synthesis in Hela cells

3 Control cells
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Fig. 1. The effect of treatment with mustard gas during the G, phase of the cell cycle (ar-

rowed A) on subsequent DNA synthesis in a synchronous population of Hel.a cells. The

cells were treated with mustard gas (0.075 pg/ml in ether 0.05%) and the extent of DNA

synthesis in treated and untreated cells measured at various times thereafter by the up-

take of PFH]TdR into cold TCA-insoluble material in a 1 ml aliquot of cells. 8—@
Control; O—0 0.075 ug/ml mustard gas,

of a mechanism(s) for repairing lesions in DNA. As can be seen in Fig. 1
(and also in Fig. 5, which shows the effects of half mustard gas on DNA
synthesis) those cells which do divide after the initially extended S phase and
subsequent mitotic delay do not exhibit any extension of the S phase or
mitotic delay in the following cell eycle but divide thereafter with a normal
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generation time. This implies that the damage which resulted in the depression
of DNA synthesis was repaired during the delay period.

Cells given a pulse treatment of mustard gas early in the G, phase of the
cell eycle showed less subsequent depression of DNA synthesis than those
treated just prior to the onset of DNA synthesis, and this was interpreted as
being due to the repair of DNA lesions during the G; phase (2). Variations
in the colony-forming ability of cells treated at different times during the cell
cycle accorded with this view. Maximum sensitivity was at the G;/S interphase,
while early G,- and G,-treated cells were the least sensitive.

The chemical evidence for repair came from measurements on the extent
of reaction of *S-labelled mustard gas with HeLa cell constituents and in par-
ticular from a consideration of the number of cross-links in DNA. At the D
dose of this agent for HeLa cells it can be calculated that there are approxi-
mately 1500 DNA interstrand cross-links per cell. Since theoretically one
cross-link could be regarded as adequate to stop the replication of DNA these
cross-links must have been circumvented or eliminated. Indeed we have found
that the products of alkylation are partially excised from DNA of mustard-
treated Hel.a cells (1), while Reip and WaALKER observed a time-dependent
removal of cross-links from mustard-resistant mouse L cells (3). We have
recently confirmed this finding using an alternative method for determining
and quantitating the amount of cross-linking of DNA (4), in Hel.a cells treated
with mustard gas. One strand of DNA was given a density and radioactive
label by growing cells in the presence of BUdR and [*H] TdR simultaneously.
Cross-linking of »heavy « labelled DNA to »light ¢« unlabelled DNA then pro-
duced a »hybrid « labelled species. The decrease in the proportion of this
species in HeLa cell DNA isolated various times after alkylation indicated that
eross-links in DNA are lost. The nature of the initially excised material is not
yvet known but by analogy with the established mechanism of removal of UV-
induced lesions it is reasonable to suppose it consists of oligonucleotides
containing alkvlguanine residues.

It should be noted, however, that the loss of chemical groups from DNA
may not be entirely due to the action of an excision enzyme since it is known
that alkyl purines are lost hydrolytically from alkylated DNA (5). However,
whatever the mechanism for the removal of alkyl groups from DNA, the
dealkylated DNA will still need to be »repaired « in order to serve as a template
for the synthesis of functional DNA. Existence of such further steps in the
repair of chemically damaged mammalian cell DNA came from the demonstra-
tion of non-semiconservative (srepair «) DNA synthesis in HeLa cells following
alkylation with mustard gas, half mustard gas and methyl methanesulphonate
(6) and in P388 cells alkylated with methyl methanesulphonate (7).
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It thus appears that a mechanism analogous to the well-established »cut
and patch « repair of UV irradiation-induced lesions exists for the removal of
alkylation damage from the DNA of mammalian cells.

In order to establish whether these indications of repair were truly related to
the recovery of cells from the effects of alkylation or constituted merely non-
specific responses to damage of cells we have attempted to answer the fol-
lowing questions:

1. Is the amount of »srepair synthesis « dependent on the initial level of DNA
alkylation?
2. Are the kinetics of »repair synthesis« related to those of removal of alkyl
groups from DNA, and is the latter an enzyme-mediated reaction?
3. How much srepair synthesis « is associated with the loss of each alkyl group
from DNA?
Reaction of MMS, MNU and MNNG with

259 hamster V79-379A cell DNA
Fa P}
2.0+ MMS
— MNU
o
&
£
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=
=
o
=
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(ODIMNU 500 1000 1500 2000
(A)MMS 1000 2000 3000 4000
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Fig. 2. Extent of methylation of DNA isolated from Chinese hamster V79-379A cells

following treatment for 1 hour in suspension at 37° with various concentration of [*H]

MNNG (@), *H] MNU ( 0) and [%C] MMS (A). The concentrations of the three com-

pounds at any one point in the abscissa were chosen to give approximately equal effects
on cell survival as determined by colony-forming ability of treated cells.
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4. What DNA precursors are incorporated during »repair replication «?

Are differences in the various manifestations of scut and patche« repair
associated with differences in the sensitivity of cell types to a part-
icular agent (e.g. drug resistance; susceptibility to carcinogens)?

6. If not, are there other mechanisms of DNA repair?

7. Can »repair synthesis« be inhibited?

It was found that the concentrations of the methylating agents MMS, MNU
and MNNG, which are equitoxic to Chinese hamster V79-379A cells, differ by
nearly 200-fold (8) (Fig. 2). However, when the fraction of cells surviving
treatment was plotted as a function of reaction with DNA, essentially the
same plot was obtained for all three compounds (Fig. 3).

@

Reaction of MMS, MNU and MNNG with
hamster V79-379 A cell DNA

@ MNNG VT79-379.4
o MHNU "
£ MMS n

Fraction surviving
=
i

o
=
1

I 1
05 1.0 15 20 25
Reaction with DNA (umoles/g)

Fig. 3. Relationship between the survival of Chinese hamster V79-379A cells and the
extents of methylation of their DNA by PH] MNNG (@), FH] MNU ( o), [MC] MMS ( A ).

Repair replication was then determined in hamster cells following treatment
with these same compounds by following the incorporation of [*H]BUdR
(or a mixture of BUdR and [*H]TdR which was shown to be equivalent to
[PH]BUdR) into light single-stranded DNA (9). The specific activity of this
DNA gave a measurement of srepair replication « and was plotted against dose
to give a linear relationship, although this did not hold at higher concentra-
tions when the repair mechanism was either inhibited by other cellular reac-
tions or became saturated. Again it was found that for the three methylating
agents, at equitoxic concentrations, resulting in an equal extent of DNA
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binding, there was an equal amount of repair replication (Fig. 4). This approach
was extended to other cell lines and to other eytotoxic compounds and it was
apparent that in every case examined the extent of repair replication was
broadly speaking directly proportional to the amount of reaction occurring
with DNA. This was so despite the fact that in these situations equal extents
of DNA reaction did not always elicit the same cytotoxic effect (see-later).
Repair replication was shown to occur for many hours following alkylation
of hamster cells with MNNG or of HeLa cells with mustard gas (9). Loss of

Relationship between “repair” synthesis
in V79-379A cells and concentration
10~ of either MNNG or MNU

o
I,
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L ]

“Repair " synthesis c.p.m./0.D.
o
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)
0.25-
(@)MNNG 20 40 60 80
([o)MNU 2000 L000 6000 8000
Concentration of agent (M)

Fig. 4. Relationship between amount of srepair synthesis « in Chinese hamster V79-379A
cells and the concentration df MNNG or MNU.

labelled methyl groups from DNA of hamster cells alkylated with *PH]|MNNG
was also followed over this period, and it was found that both events proceeded
at comparable rates, suggesting that one was a consequence of the other. This
is consistent with the biochemical evidence which indicated that recovery of
cells from low concentrations of drugs which permitted high survival occurred
during a period of several hours (Fig. 1).

From a knowledge of the actual number of methyl groups lost from DNA in
a given time and of the number of thymidine molecules incorporated into DNA
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by repair replication during the same period and under the same conditions it
was possible to arrive at a rough estimate for the number of nucleotides inserted
into DNA per methyl group lost. The caleulation which assumes that the
DNA polymerase(s) used for normal and repair DN A synthesis does not discrim-
inate differently as between BUdR and [*H]TdR, suggests that 100 nucleo-
tides are inserted into DNA for every methyl group lost.

The method used for measuring repair replication permits us to examine the
fourth question posed, namely, what precursors can be used for DNA repair?
We have reported that [*H]TdR or [*H]CdR and BUdR are equivalent to
[*FH]BUdR for the detection of srepair synthesis «. Initially we failed to detect
»repair synthesis« with [*H]deoxyguanosine or [*H]deoxyadenocsine and
BUdR (9). More recently by use of highly labelled purine nucleosides and with
frequent rebanding to remove radioactive label associated with normal DNA
and RNA synthesis it is clear that these DNA precursors can, like the pyrimid-
ines, be used during srepair replication «.

These quantitative and kinetic aspects of »repair replication « clearly indicate
that it is related to the level of DNA alkylation produced by these various
agents. Furthermore it would seem that it is involved in the recovery of cells
containing damaged DNA by a process related to the »cut and patch « repair
of UV-induced thymine dimers (10). It would not appear to be a non-specific
response to cell death possibly involving end-addition of nucleotides (7). This
latter view was fostered by the apparent need for supralethal doses of agents in
order to detect repair replication as was the case following treatment of HeLa
cells with X-rays (11) or mustard gas (6). With the relatively non-toxic mono-
funetional compounds such as MMS and »resistant « cells like P388 lymphoma
or Chinese hamster V79-379A and improved methods for detecting »srepair
synthesis ¢, this can now be observed at concentrations resulting in nearly
1009%, survival.

If we accept that repair replication is involved in the recovery of cells from
alkylation we may now ask the question, why do cells differ in their response
to a particular agent? Do sensitive cells lack excision enzymes or the ability
to undergo repair replication? Comparison of these two manifestations of
repair in sensitive and resistant Yoshida sarcoma cells showed that this was
not the case. Despite a nearly 20-fold difference in the level of alkylation at
equitoxic doses both cell types exhibited the same rate of excision of mustard
gas and the same extent of srepair replication« (12).

HeLa cells and hamster cells differ markedly in their response to MNNG
and MNU, less so to MMS while mustard gas and half mustard gas affect both
cell lines to the same extent (8). We have therefore considered whether hamster
cells can repair lesions introduced by MNNG or MNU more readily than can
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HeLa cells. Again it was found that at equal levels of DNA reaction both cell
types exhibited the same amount of »repair synthesis« (9) suggesting that
the greater sensitivity of HelLa cells to MNNG or MNU did not reside in their
inability to repair lesions introduced by these compounds by a »cut and
patch «Hmechan.ism. This prompted us to consider that a difference in the ef-
ficiency of some other mechanism for repairing DNA lesions existed as between
the t—‘.’r’uﬂ cell lines. Some evidence for this was obtained from a comparison of the

Etfect of half sulphur mustard on DNA synthesis in Helao cells
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Fig. 5. The effect of treatment with half mustard gas during the G, phase of the cell cyele
(arrowed HM) on subsequent DNA synthesis in a synchronous population of HeLa cells.
DNA synthesis was determined as in Fig. 1. @—@ Control; O—O 1.5 pg/ml.

effects of mustard gas, half mustard gas and MNU on DNA synthesis in syn-
chronous populations of either Hel.a or hamster cells at equitoxic concentra-
tions of these agents. Treatment of HeLa cells with low concentrations of
MNU led to effects on DNA synthesis and progression through the cell eycle
quite different from those previously observed after treatment with mustard
gas (Fig. 1) or half mustard gas (Fig. 5). Both these agents caused an immediate
dose-dependent depression of DNA synthesis in the S phase of the eycle in which
treatment occurred and a subsequent mitotie delay. MNU however failed to
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produce any immediate effect on the rate of DNA synthesis. Treated cells divid-
ed without delay but in the following cell eycle showed a clear dose-dependent
depression in the rate of DNA synthesis (Fig. 6) and commensurate mitotic
delay. It thus appears that DNA alkylated by MNU is required to undergo
replication before a lesion is produced which constitutes a block to DNA
synthesis (13) and subsequent cell division. Substantiation of this view came
from a study of the fate of G,-treated cells. These cells divided twice before

Effect of MNU on DNA synthesis in Hela cells
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Fig. 6. The effect of treatment with MNU during the G, phase of the cell cycle on DNA
synthesis in synchronous populations of Helia cells. Replicate cultures were treated with
MNU 6 hours after mitosis (arrowed MNU). @ Control; A 15 uM; O 30 uM; [ 45 uM.

exhibiting a like depression in the rate of DNA synthesis. Fig. 7a depicts this
alkylation of DNA schematically and Fig. 7b shows its consequences for
cells treated during the G, or G, phases of the cell cycle. The newly introduced
lesion could be a gap in the DNA. Such gaps could be repaired subsequently
either by the insertion of bases or by a mechanism akin to recombination.
Synchronous populations of hamster cells were similarly treated with either
mustard gas, half mustard gas or MNU. As was found for HeLa cells mustard
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oas and half mustard gas infroduced lesions into hamster cell DNA which
constituted an immediate block to DNA synthesis (Fig. 8). Both cell lines were
equally affected by these two agents and therefore it must be presumed that
they possess similar repair potential towards lesions introduced by these
agents. Repair probably requires elimination of a cross-link in the case of
mustard gas or a »pseudo « cross-link in the case of half mustard gas (by virtue

Possible mechanism for replication of MNU alkyloted Hela cell DNA
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Fig. Ta. Scheme showing possible mechanism of inhibition of DNA synthesis in HeLa

cells by MNTU.

of its additional -OH group which could be involved in hydrogen bonding)
by a »ecut and patch ¢« mechanism.

In contrast to these agents MNU is far less toxic towards hamster cells than
towards Hel.a cells (Fig. 9). At equitoxic doses hamster DNA is alkylated
20 times that of HeLa DNA. Cell death following treatment of hamster cells
with MNU also probably results from lesions in DNA introduced during DNA
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Effects of MNU during HeLa cell cycle
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replication in one cycle blocking DNA synthesis in the next. This implies that
hamster cells ean more readily repair DNA damaged by MNU than can HeLa
cells. As it was argued earlier that replication of MNU-alkylated DNA produces
gaps then it follows that the ability to bridge these gaps differs in the two cell
lines. There is one aspect in which the response to alkylation of hamster cells

25,000+ Half mustard gas

® Control
o, A 1 ug/ml
O & ug/mi
O 6 ug/ml

[jH] TdR cpm./ml in DNA

= | T
t 10 20 30 L0
Time after harvest (hrs)
Fig. 8. The effect of treatment with half mustard gas during the G, phase of the eell eycle
on DNA synthesis in Chinese hamster V79-379A cells. Replicate cultures were treated
2 hours after mitosis (arrowed). @ Control; A 1 pg/ml; O 4 pg/ml; 0 6 ug/ml.

differed markedly from that of HeLa cells. In the former we observed a dose-
dependent delay in the onset of DN A synthesis of G,-treated cells (Fig. 10) (14).
Conceivably, therefore, this delay period permitted repair of these gaps in
DNA before their effects were manifest in the following cell eycle.

Support for the existence of an additional repair mechanism other than
neut and patch « repair has come from an examination of the effects of caffeine
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on the survival of MNU-treated HeLa and hamster cells and its effect on repair
replication. While the sensitivity of hamster cells towards MNU was increased by
caffeine there was no comparable increase in the toxic effect of MNU towards
HeLa cells (15). This suggests that a repair mechanism present in hamster
cells but not HeLa cells is inhibited by caffeine. Furthermore, since caffeine
does not inhibit repair replication it follows that this alternative repair pathway
does not elicit this phenomenon.
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Fig. 9. The effect of MNU on survival of hamster V79-379 A and HeLa cells.

In summary, therefore, there is evidence that mammalian cells in culture
recover from the otherwise lethal effects of alkylation by at least two
mechanisms. In the one, alkyl groups are eliminated from DNA and the » breaks «
so produced are probably repaired by a mechanism requiring non-semicon-
servative or srepair« synthesis. However, since the sensitivity of cells to
various agents cannot be explained in terms of differences in this mechanism
of repair another mechanism probably exists in mammalian cells for re-
pairing DNA. This is possibly analogous to that postulated for the repair
of UV-induced thymine dimers which involves the by-passing of DNA lesions
during DNA synthesis and the subsequent filling of the gaps so produced. In
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Effect of MNU an DNA synthesis in hamster cells
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Fig. 10. The effect of treatment with MNU during the G, phase of the cell eycle on DNA

synthesiz in synchronous populations of Chinese hamster V79-379 A cells. Replicate cul-

tures were treated 2 hours after mitosis (arrowed). @ Control; A 0.75mM; © 1.0 mM;
O 1.5 mM.

bacteria it has been suggested that this involves a mechanism akin to recom-
bination (16). Experiments with microorganisms have shown that this recom-
bination repair is error prone and results in a high mutation vield. It is perhaps
significant that the compounds which cause DNA lesions in mammalian cells,
which, we are postulating, are repaired by a similar mechanism, increase the

spontaneous mutation rate in Chinese hamster cells and are potent carcino-
gens. A scheme depicting these various forms of repair is shown in Fig. 11.
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Discussion

OrMEROD: I would like to describe some experiments performed in our
laboratory by P. Karran.

We wanted to know whether the repair capacity of a cell is, in some way,
related to the ability of the cell to replicate its DNA. We took cells from
different tissues of an animal and looked at the ability to rejoin X-ray-induced
strand breaks.

Since we were interested in cells that did not divide, we could not label the
DNA radioactively. We, therefore, used a fluorescent method [Kissaxg, J. and
E. Rogixs, J. Biol. Chem. 233: 184 (1958)] by which we could detect 0.1 ug
of DNA in a fraction from a sucrose gradient. We used a 30 ml gradient of
5-209%, sucrose onashelf of 609, CsCl. The cells (5 » 10° containing about 5 ug of
DNA) were pipetted into a layer of 29, SDS solution on the top of gradients
which were then centrifuged for 70 min at 25,000 r.p.m.

Using a murine lymphoma cell (L5178Y) grown in tissue culture, it could
be shown that the DNA from unirradiated cells sediments rapidly through the
gradient onto the shelf. This DNA is in a complex, and has a molecular weight
greater than 10° daltons. A radiation dose of 3 krads introduced single-strand
breaks into the DNA, lowered the molecular weight and released the DNA
from the complex. Immediately after irradiation the DNA was found on the
top of the gradient. If the cells were incubated for half an hour at 37° C after
irradiation, the strand breaks rejoined and the DNA is again found on the
shelf. We chose this method of observing the repair of strand breaks in cells,
since it is easier to follow the accumulation of DNA in a single fraction on the
shelf rather than trying to measure the position of a profile on the gradient.

We have prepared cell suspensions from the following tissues: thymus,
spleen and bone-marrow from a rat and peripheral blood lymphocytes from a
chicken. In all cases, these cells contained high molecular weight DNA
(= 10° daltons) and could rejoin single-strand breaks in tissue culture after a
radiation dose of 3 krads. Although less than 109, of the cells from these
tissues are in S phase at a time, most of the cells in the population are capable
of undergoing division.

As an example of a post-mitotic cell, we chose the chicken erythrocyte.
Unlike mammalian cells, avian erythrocytes retain their nuclei. When these
cells were layered on the sucrose gradients, we found that only about 7%, of
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the DNA sedimented onto the shelf of UsCl. The rest of the DNA was of
comparatively low molecular weight (about 108 daltons). Furthermore, the cells
were not able to rejoin X-ray-induced strand breaks.

If the bird was bled extensively, three days later the percentage of high
molecular DNA had increased to about 25%,. Over a two-week period, the
percentage of the DNA sedimenting onto the shelf dropped to the normal
value. It appears that the nucleus of the newly created erythrocyte contains
high molecular weight DNA but that single-strand breaks are accumulated
over a period of time.

To summarize, lymphoeytes, which are capable of cell division, contain DNA
of high molecular weight and enzymes which can rejoin strand breaks; the
chicken erythroeyte, a terminal cell, has no »rejoining « enzymes and its DNA
is of low molecular weight.

PamnTER: How do you measure repair in DNA on the top of the gradient?

OrMeEROD : We centrifuged the gradients for longer periods of time in order
to bring the DNA to the middle of the gradient, and then measured the posi-
tion of the peak fraction in the usual way.

StrAUss: I would like to comment on the design of experiments intended to
show repair in peripheral blood lymphocytes. Dr. NorMaN pointed out correctly
that one could demonstrate increased repair in lymphocytes that were stimu-
lated by phytohemagglutinin. I would like to discuss a recent finding in our
laboratory which shows that the progeny of stimulated lymphoeytes themselves
require stimulation to divide. Let me first describe our experiment and then
indicate how it relates to the problem of studying repair in peripheral lym-
phocytes. Peripheral human blood lymphocytes were stimulated with concanava-
lin A (conA) and then, after 24 hours, the mitogen was washed out with methyl-
alpha-mannoside, a competitor which makes it possible to remove the mitogen
completely. The cells were then ineubated with "C-labelled thymidine which
was present in the culture from 42-48 hours after the initial addition of conA.
The labelled thymidine was removed and the cells were divided into two por-
tions; the first portion was stimulated by a second addition of conA, the
second was incubated without additional mitogen. Both sets of lymphocytes
were then incubated in medium with bromodeoxyuridine. If the lymphocytes
have gone through two generations, or two DNA replications, the DNA will
be both radioactive and hybrid in density. If the lymphocytes have gone
through only one division, the DNA will be radioactive but light. As one can
see (Fig. 1), cultures which were not restimulated with conA (sets e and f)
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did not replicate labelled DNA. Cultures which were restimulated with conA
did replicate labelled DNA over a period of 48-96 hours in these experiments
by N. Mu~agaTa (sets a—d). In more recent experiments in which deoxyeyti-
dine was added to the medium, transfer to hybrid density has been observed
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Fig. 1. Density analysis of DNA from cells restimulated with conA. Cultures were treated
as deseribed in the comment. The DNA synthesized during the period 42-48 hours from
the start of incubation was labelled with M C-TdR. The cells were washed and resuspend-
ed in fresh medium;: conA was added to half of the tubes. After 8 hours incubation in
non-radioactive medium, BUdR (10-3M) and FUdR (5 x 10-"M) were added. Sets (a-d)
represent CsCl gradients from cultures taken 25, 48, 72 and 96 hours after the second
conA stimulation. Sets (e) and (f) represent gradients from non-restimulated cultures
at 48 and 96 hours after the removal of conA with methyl alpha mannoside. The lighter
lines represent *H-TdR-labelled light DNA from phytohemagglutinin-stimulated lym-
phoeytes, added as a density marker.

within 24 hours. We conclude that the progeny of cells which have been stimu-
lated with mitogen themselves require stimulation if they are to replicate.

In most experiments in which the behaviour of activated lymphoeytes is
studied, mitogen is added to cells and the mixture is allowed to remain to-
gether throughout the course of the experiment. One therefore has a culture
that is active in replication and that has the membrane properties characteristic
of stimulated cells. However, if one removes the mitogen, an »active « culture
will be converted to one which is inactive after the first division, that is within
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about 48-52 hours: i.e. the cells will revert to a population whose properties
probably resemble the original, unstimulated lymphoeyte population. It would
seem therefore that repair experiments with mitogen-stimulated cells may
require a more careful control of the »proliferative state« of the cells. Such
control can only be obtained by close control of the cell-mitogen interaction.

Sror: I have a question to Dr. NorMaN about the repair in sperms. Did
you follow DNA repair at different stages during spermatogenesis?

NorMAN: As yvou know it is very difficult to get males to give a testicle
for experiments even though most have two of them. Our results show that
all the human spermatogenic cells, with the exception of mature sperm cells,
show unscheduled DNA synthesis. It remains to be seen whether DNA damage
in the sperm cells can be repaired in the fertilized ovum.

SLor: I also have a question to Dr. RoBerrs. In your experiment with
the mustard gas yvou had three division cycles. The generation time in the
control experiment was remarkably short compared to the treated culture.
In the experiment with the MNU you had normal generation time in con-
trol and treated cells. Can you explain this?

RoeERTS: In point of fact the generation time of the control cells is fairly
constant during the course of these synchronous experiments. In the partic-
ular figure (Fig. 1, p. 42), showing the effect of mustard gas on DNA synthises,
the curve as drawn does appear to show some small difference between the
length of the first and second cell cycles of the control cells but this is due to
the paucity of readings at later times during this experiment which did not
permit determination of the precise time of the peak of the third DNA synthe-
tic period in control cells. This difference, however, is small compared to
the much longer mustard gas-induced delay of the first mitosis. The more
complete curves shown in the experiment using half mustard gas (Fig. 5, p. 48)
emphasize that the time between the three S phases of control cells is re-
markably constant. However, the point 1 wished to make was that there
was a marked dose-dependent extension of the first cell cycle following the
treatment with mustard gas or half mustard gas. This was not followed by a
similar extension of the second cell cyele. The time between second and third
DNA synthetic phases of the treated cells being essentially the same as that
for the control cells.
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REvEsz: I now wish to invite comments on the differences in the action
of UV, X-rays and alkylating agents on DNA repair. Would Ponrir start
the discussion?

Ponrit: I think, one difference between UV and X-rays is that the point
of absorption of UV and the point of reaction is more or less the same, but
with X-rays the point of radical production and the point of reaection is not
the same. During the diffusion of the radicals towards the DNA, several reac-
tions may occur which influence the final reaction at the DNA. For example,
a primary radical can react with an organic molecule and is able to produce
two or more organic radicals. These organic radicals may either react with
the DNA, or recombine. In the first case we observe a sensitization and, in
the second case, a protective effect. These effects are dependent on absorbed
dose rate (due to the fact that recombination of organic radicals depends on
the concentration of these radicals) and on absorbed dose (since the number
of organic molecules able to react with primary radicals decreases with absorbed
dose). The reduction of protecting reactions with increasing absorbed dose will
result in an increase of radiation sensitivity and this could be one of the
reasons for the sshoulder « in cell survival curves. The reversed reaction, that
means the decrease of radiation sensitivity, can be called srecovery« in the
cell. If by a radical reaction, for example, a single-strand break is produced
in the DNA as a lethal reaction, this radiation effect can be reversed by the
cell and only such a reversed reaction at the essential molecule itself I would
like to call »repair« in the living cell. Very often, both effects oceur simul-
taneously in the cells as can be seen, for example, in experiments with yeast
cells.

Fox: How do you define recovery: as biological recovery of survival or as
some other repair mechanism?

Ponvir: In the cited experiments with yeast cells, we have determined the
recovery by observing the survival of the cells in a split dose experiment.
The slope of the dose effect curve of the second irradiation can be used as a
quantitative measure of the »radiation sensitivity «. This radiation sensitivity
is inereased due to the firstirradiation andis decreased with time until the sec-
ond irradiation starts. To explain the difference between »recovery« and
srepair « I would like to give an intuitive example from human life: By hard
working over a period of time, the probability for a heart attack in human
beings increases. To reduce this »sensitivity « for heart attacks one goes on
vacation, for example, to the Alps for climbing or skiing. This reversed change



62 Discussion

of sensitivity usually is called srecovery «. If, however, one has got really a
heart attack one has to go into a hospital for srepair«. Repair in this defini-
tion is the reduction in number of the lesions of interest, and recovery is the
reduction of sensitivity for this reaction. In more mathematical terms: Repair
is a change of the quantity itself and recovery is a change of the derivative
of this quantity with respect to the dose.

This, I think, is also a difference between the reactions of UV and X-rays
that the sensitivity of the object of interest remains constant in the case of
UV and may change in the case of X-rays from different reasons.

OrMEROD : What cell is this?

PonriT: The experiments shown in Fig. 1 have been done with yeast cells
because it is possible to work with high accuracy and precision. All cells are
diploid and are in a certain part of the G1-phase, so that one is dealing with
a homogeneous population. The cells are irradiated up to an absorbed dose
of D, = 60 krad and then after a certain time interval the irradiation is con-
tinued with increasing absorbed doses. As can be seen, the shoulder of the dose
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effect curve is reproduced as a function of time t,,. This means that the
radiation sensitivity for a subsequent irradiation is decreased (recovery). But
at the same time the number of surviving cells is increased for D, = 0 (re-

" pair).

REvEsz: Dr. PoHLIT may wish to comment also on the effect of heavily
ionizing radiations in addition to that of UV and X-rays.

Ponvrr: I think we should not discuss here in this symposium the reactions
of densely ionizing particles, such as alpha particles or heavy recoil nuclei in
living cells. The situation there is more complicated again. The reactions due
to secondary delta electrons produced by the heavy particles would also result
in a very low number of unrepairable DNA damage as with X-rays. But the
heavy particle itself is assumed to produce in particular double-strand breakage
in the DNA. In this case, quite different biological reactions would be
necessary for repair, if it occurs at all. On the other hand, the radiation reac-
tions of such heavy particles may play an important role in radiation therapy
in future, especially because of the differences in repair capacity in the cell.

NormaX : The relationship of survival eurves and DNA breakage and repair
is quite obscure. As long as it remains obscure 1 think any such efforts to
correlate them remain questionable.

Ponrrr: Of course, you are right that we are observing today two different
things, called »srepair«: the reactions at the isolated DNA and the biological
effects in a living cell. But there are many experiments in our and in other
laboratories which show that these both endpoints could be related, as long
as other influencing parameters are excluded or are taken into consideration
in a more complicated model of the living cell.

RivEsz: In his excellent review in »Current Topics in Radiation Research «
[7: 45 (1970)] PaiNTER a couple of years ago discussed the problem of DNA
breakage and its biological significance especially in regard to cellular survival
after irradiation. He concluded that no certain correlation exists. A similar
conclusion was made subsequently also at a meeting in Manchester devoted
to this problem. A report of this meeting was published in Internat. J. Radiat.
Biol. in 1971 and 1 particularly liked the summary in the last sentence: it
clearly stated that this problem was discussed extensively but no certain as-
sociations were found.
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Parster: I would like to comment on several things. Certainly there are
a number of reasons that you cannot correlate, for instance, the repair of
single-strand breaks with, let us say, split dose recovery. But 1 think the
problem is that we emphasize repair replication because that is what we ob-
serve. We are looking at the lesions that are repaired and we don’t know much
about those which are unrepaired. If you have one unrepaired lesion in the
presence of a hundred repaired, the former is very difficult to demonstrate. At
this stage of the game we only talk about the repair mechanism. We cannot
see these few unrepaired lesions which are probably very important to the
cell. Secondly I want to comment very briefly on the last two discussions about
the difference between UV and X irradiation. It turns out that mammalian
cells are capable of repairing much more UV damage then they can X-ray
damage. If you look at survival curves and then try to calculate the number
of damaged areas in DNA there are about 1500 times as many damaged sites
per surviving cell after UV as they are after X-rays.

The X-ray damage is much more effective in killing a cell than is the UV.
Repair mechanisms therefore must not be as effective after X irradiation. I
would like to ask about the fact that Dr. PoHLIT says there is a difference
between the survival curves after UV and X-rays. In mammalian cells I know
of no difference. Most UV-survival curves (there is an exception) have a

shoulder.

Fox: I think Dr. PAINTER is saying what I meant to say but more clearly.
Within the biological dose range of the survival curve, one is obviously getting
either more UV lesions repaired, which means you see more repair, or you are
getting more nucleotides incorporated/lesion, which means you see it more
easily. It is easier in fact to irradiate cells with a 300 kv X-ray machine than
it is to irradiate with UV, but that is irrelevant. It is just that working within
tie biological range of the survival curve, UV repair replication is easier to
demonstrate than X-ray-induced repair replication.

OrmERrOD: I would like to make two points. First, one ought always to
state what meaning is being given to the word »repair«. If one looks at the
shoulder on a survival curve, the criterion of repair is cell survival without
knowledge of the biochemistry involved. If one measures the removal of pyri-
midine dimer, one is looking at a specific lesion. If one looks at the rejoining of
strand breaks, one is observing the repair of one specific lesion in a cell that
has suffered many different lesions. When you observe repair replication, quite
frankly, a lot of the time you do not know what you are looking at; but you
hope that it is some form of repair.
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The other point relates to the comparison of repair processes after UV or
high energy radiation. Our ignorance of the radiation chemistry of DNA within
a cell is abysmal. We can measure the number of single-strand breaks and
there have been a few reliable measurements of double-strand breaks; but we
do not know what end-groups result.

We have very little knowledge about what changes oceur in the bases. We
do not even know the importance of indirect asgeompared to direct action.
Until we have more detailed knowledge of this chemistry, to seek a correla-
tion between ill-defined repair processes and cell survival is likely to be fruit-
less.

Révisz: Dr. OrmMEROD, do you think, by what you have said, that the difference
between what we understand with the words srepair« and »srecovery« is a
matter of semantics?

OrmEROD: I think that when you mention repair you should carefully
define either which lesion you are studying, or which manifestation of repair
vou are observing.

Fox: I would also put in an appeal in agreement with Dr. OrRMEROD that
we define the difference between recovery and repair very clearly. To a radio-
biologist recovery really means recovery of survival between split doses and
nothing else. There are other recovery systems but in radiobiological terms
which have to be used also by people who are working with drugs; this is
what is most commonly meant by the term »recovery «.

ReévEsz: Dr. Fox, do you now consider Elkind type of recovery from
sublethal damage or recovery from, what is termed, potentially lethal damage?

Fox: Well, sublethal recovery was really the first system to be described,
i.e. recovery from the sublethal damage. I think if we again use the word
recovery we have to define recovery from what; recovery from sublethal
damage or recovery from potentially lethal damage which have probably dif-
ferent mechanisms. We cannot just say recovery.

Ponrrr: It was my intention to demonstrate that »recovery « is often taking
place simultaneously with srepair« in a living cell. Therefore, one should
not only determine the increase of survival ot cells in a split dose experiment
as a measure of repair and try to correlate this with measurements at the DNA
itself. If it is necessary to add some explaining words to srecovery « I would
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like to use srecovery from sublethal damage «since the reactions involved here
seem to be not lethal for the living cell.

Fox: We do not know what sublethal damage is. We know that the cell
can recover from if.

Pourit: Therefore, I have tried to define the »recovery« independent of
a certain mechanism in the cell only as a schange of sensitivity « or more
precisely as a change of the slope of the survival curve. Dr. PAINTER raised
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Fig. 2. Dose effect curves for diploid yeast cells in G1-phase for different absorbed dose
rates.

the question how much of the radiation reactions in the living cell can be
repaired, and how much cannot. This can be seen from dose effect curves
obtained again with diploid yeast cells in G 1-phase with different absorbed
dose rates as shown in Fig. 2. If the absorbed dose rate is extremely low then
repair can occur during irradiation and only the unrepairable reactions con-
tribute to the slope of the dose effect curve. As can be determined quantita-
tively from Fig. 2 only about 2%, of the original lethal lesions are irrepairable
in this cell if irradiated with X-rays or high energy electrons.

The number of irrepairable lesions in the cell should be much higher if the
cells are irradiated with densely ionizing particles. But for such cases I have
only some calculated dose effect curves with me.
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Kierer: I would just like to comment very shortly about these last caleu-
lated curves. We have done experiments with alpha-rays on yeast cells and
got the same amount of »repair« what we call liquid holding recovery. It is
essentially equal after alpha-rays as compared with 100 kv roentgen-rays.

REvEsz: Dr. Pouvir showed us that energy is necessary for repair. Does
any of the participants know the energy metabolism in the lymphocyte, i.e.
the cell which is actually the subject of our present discussion? The energy
metabolism in yeast cells is well understood, thanks to the contributions made
by Drs. Kierer, Ponvrr, Korocopix [Korocopin, V. J.: Radiation
Research (G. Silini, Ed.), p. 538. North Holland Publishing Company (1967)]
and others. In view of the energy requirement of the repair process, it is con-
ceivable that the great radiosensitivity of the lymphocyte is associated in some
way to its particular energy metabolism. Could Drs. Kierer and Ponvrir
think that the differences in the sensitivity of different cell types is due to
differences in their energy reserves?

Kigrer: I think we have shown with our experiments in yeast cells that
energy metabolism and functioning of the energy metabolism are certainly
important. But I think, it has to be checked in all these experiments how much
important it is in the actual experiment. I don’t think we can say energy
metabolism is the limiting step in the metabolic pathway. It can turn out to be
the limiting step but I think this depends very much on the kind of experiments
you are doing.

Norman: When we talk about cell death in radiation biology generally
reproductive death is the criterion that we use; that is, the ability of the cell
to reproduce continuously. This is not possible with lymphocyte cultures. We
have a survival curve which usually is based on something quite different —
the reactions of vital stains for example. I suspect more and more that in lym-
phocytes cell killing may have little to do with DNA damage and repair.

STrRAUSS: May I return to the question of the number of lesions and the
possible differences between the repair of ultraviolet and of alkylation and
X-ray-induced damage. In procaryotes, or at any rate in bacteria, it is clear
that there is a big difference in the repairability and perhaps in the type of
repair of different lesions. It takes about 3700 pyrimidine dimers to introduce
one lethal hit into Escherichia coli strain K12. It takes only 10 to 25 ionizing
events resulting from X-ray treatment and less than 100 lesions induced by
sulfur mustard to result in one lethal hit. Furthermore, it is quite impossible
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to demonstrate appreciable repair synthesis in bacteria after any reasonable
dose of either X-rays or monofunctional alkylating agents. Dan BiLLEN and
some of his students have reported their inability to demonstrate repair syn-
thesis in bacteria after X-rays [J. Bacteriol. 94: 1538 (1967)] and monofunc-
tional alkylating agents [Acmey, P. and V. WarrrieLp: Biophys. Soc. Ab-
stracts, TPM-03 (1970)]. Some years ago, we [REITER and STraUss: J. molec.
Biol. 14: 179 (1965)] demonstrated a small amount of repair synthesis after
MMS treatment of B. subtilis but the survival of our treated cells was only
3 » 10-%, It would therefore seem to me that the repair systems, or the way
they deal with pyrimidine dimers, are very different from the repair systems,
or the way they deal with whatever the lethal lesions are, after treatment
with X-rays or monofunctional alkylating agents.

Lucas: It was reported by the group of Crappock [J. Lab. clin. Med. 74:
109 (1969)] that long-living lymphocytes should repair UV damage as demon-
strated by »unscheduled DNA synthesis « better than do short-living lympho-
eytes. I would like to ask Dr. NormaN whether he has been able to confirm
these findings, and if he thinks that the capacity to perform repair replication
has some relation to the state of differentiation of a cell.

NormaN: Both short-lived and long-lived lymphocytes show unscheduled
DNA synthesis. The granulocytes also show repair; but the rate limiting
enzyme is probably down by a factor of ten in comparison to the amount in
lymphocytes. These granulocytes are terminal cells with very short life ex-
pectancy. Unfortunately, there is no simple unambiguous method presently
available to distinguish the two major lymphoeyte populations in human
peripheral blood.

JUNG: I can refer to these experiments. Lymphocytes which are able to be
stimulated by phytohemagglutinin show a better incorporation than those
which are not able to be stimulated.

STRAUSS: The question I have is: how can you distinguish between lympho-
cytes that can be stimulated by phytohemagglutinin and those that are un-
responsive before doing the experiment? Once phytohemagglutinin has been
added it is clear that those cells which are stimulated by this mitogen will be
metabolically active. I think that Dr. NormaN is saying that it would be
helpful if one could separate the potentially responsive cells from those which
cannot be stimulated by mitogen before starting the experiment, because
we would then be able to distinguish what is happening. Unfortunately, in
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spite of some attempts, it does seem to be difficult to separate the T(hymus)
lymphocytes which are proably the ones stimulated by mitogen from the
B(one marrow) lymphoeytes which respond to antigen.

RogerTts: I would like to extend Dr. OrRMEROD’s cautionary comments on
the nature of the lesion(s) which are repaired following irradiation-induced
DNA damage to consideration of repair of chemically induced damage to DNA.,
When we consider »repair« following treatment of cells with a eytotoxic
difunctional alkylating agent it can reasonably be supposed that this relates
to removal or circumvention of the cross-links between guanine moieties in
DNA. In the case of monofunctional agents such as N-methyl-N-nitrosourea
or methyl methanesulphonate, however, it is by no means clear which, if any,
of the many possible chemical reactions with DNA is responsible for a parti-
cular biological effect, be it eytotoxicity, carcinogenicity or mutagenicity.
Furthermore it will not always be apparent which of the various biochemical
manifestations of repair, such as loss of labelled alkyl groups from DNA,
unscheduled DNA synthesis or repair replication of DNA, relate to repair of
which particular chemical group.

I would like to ask Dr. NorMAN if he can elaborate on his studies on repair
in lymphocytes following treatment with MMS particularly with regard to
the levels of alkylation at which this can be detected.

NormaN: We have been dealing only with the kinetics of unscheduled DNA
synthesis. I would like to pretend that we know exactly what is going on after
both X-ray and UV irradiations. X-rays either produce free radicals which
abstract a hydrogen atom from the sugar or ionize the sugar directly. The
sugar moiety then spontaneously disintegrates to endproducts which we now
can identify. As you heard we also know exactly what is going on after UV.
And the only real mystery that remains is, what is going on after exposure
to alkylating agents? What is the evidence for the existence of repair proces-
ses following exposure to alkylating agents that are not of the cut and patch
system ?

RosErTs: I will try to avoeid giving my entire talk again. There are essential-
ly three pieces of evidence for postulating repair mechanism(s) in mammalian
cells other than scut and pateh repair ¢. Firstly, it is not possible to correlate
differences in the sensitivity of various cell types to a particular alkylating
agent with differences in manifestations of »cut and patch repair«. Secondly,
we have evidence for damage to DNA being introduced during replication of
methylated DNA (i.e. possible introduction of breaks). Since hamster cells
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can withstand much higher levels of DNA alkylation than can HeLa cells
following treatment with N -methyl-N-nitrosourea it would seem that hamster
cells can repair damaged DNA before or after it is replicated more efficiently
than can HelLa cells. Thirdly, alkylation damage (as evidenced by effects on
colony-forming ability) to the resistant hamster cells but not the sensitive
HeLu: cells is increased when cells are incubated, following alkylation, in the
presence of caffeine. Presumably this sensitization results from inhibition of
a DNA repair mechanism(s). Since caffeine does not decrease alkylation-in-
duced srepair replication ¢, it is possibly inhibiting some form of repair, other
than cut and patch repair, which presumably does not require »repair synthe-
gis «. This could be a form of repair akin to »recombinational repair ¢.

Fox: May I come back to the question Dr. RoBgrTs is asking, if we are to
look at this data on the losses of alkylating groups from the DNA. Thymidine
is taken up by the cells in unscheduled synthesis, which occurs in response to
the loss of the alkyl groups. In comparing this data with that people have got
for the time course of repair after UV and X-rays, then the whole time scale
of the process is different. I should like to ask Dr. Norsmax whether he found
a different time kinetics with an alkylating agent and X-rays for example.

Normax: The kinetics experiments that we have done suggest that the
repair process is quite different following UV and X-rays; our studies with
alkylating agents are not extensive enough to make positive statements about
the kinetics.

CHanxDRrRA: A few years back I carried out some studies on MNNG action
with Professor LingeEN’s group at Hohenheim. The problem was to study the
mechanism of mutagenesis by MNNG in bacteria. We found a very interesting
correlation between DNA methylation, survival rate and the rate of muta-
tion (see Table 1).

[ mentioned this work, because some data presented by you on MNNG
action in animal cells are very interesting in this connection. In one of your
slides you showed that the lethal action of MNNG on hamster as well as Hel.a
cells is much stronger (almost a factor of 100) than MNU and MMS. On the
other hand, you observed that the kinetics of MNNG reaction with cellular
DNA is much slower than that observed with MMS and MNU. Do you think
that these differences are due to histone guanidination, or that some other
mechanisms are involved.

Could you please, give an estimation of how many nucleotides are involved
for the removal of one methyl group from DNA?
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Table 1. Action of 3-nitro-1-nitroso-1-methyl-guanidine (MNNG) on various cellular
processes in E. eoli B.

System Survival Mutation MNNG- Nucleic acid
rate uptake methylation
(%o) %) (%) (%)
RNA | DNA
Sensitive 2.0 11.7 100 100 100
Resistant (I)* 26.2 5.2 83 T4 81
Resistant (I1)* 53.7 3.7 50 58 57

Conditions: * Resistant (I) cells were obtained by a pretreatment of the sensitive
strain with MNNG for 32 hours; further treatment of resistant (I) cells with MNNG
for another 32 hours gave resistant (II) cells. Incorporration and methylation experi-
ments were done with *H-methyl- MNNG. 1009, in controls were fixed arbitrarily.

RosERrTs: Yes, we have considered the possibility that guanidination could
be responsible for some of the effects of MNNG. However, we favor methyl-
ation of DNA as the important cytotoxic reaction since the levels of methyl-
ation of DNA following treatment of hamster cells with labelled MNNG, MNU
and MMS were the same at doses of these agents which produced the same
eytotoxic effects. This was not so for the alkylation of other macromolecules
such as proteins or RNA. These findings support the concept of DNA as the
target for all three methylating agents. Moreover MNNG like MNU produced
inhibition of DNA synthesis in the cell cycle following that in which treatment
occurred. This, we argued, was a consequence of an initial reaction with DNA
which led to a further lesion when the alkylated DNA replicated.

Hamster cells are more sensitive to MNU and MNNG than are HeLa cells
but only the latter compound is thought to be thiol activated. Hence we do
not think these differences in sensitivity are the result of differences in cellular
thiol levels which lead to different sites of DNA methylation in hamster and
HeLa cells.

In answer to your third question we feel that the levels of reaction with
proteins at toxic doses of methylating agents are too low to cause an inhibition
of protein enzymes such as a polymerase used in repair. No inhibition of thymi-
dine kinase was in fact found with toxic doses of these agents.

In answer to your fourth question we have estimated that approximately

100 nucleotides are inserted into DNA for each labelled methyl group elimina-
ted from DNA.

CHANDRA : The studies involving hydroxyurea are not clear to me. We know,
that hydroxyurea (HU) inhibits the DNA synthesis by blocking the conversion
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of uridine to deoxyuridine. As a result the precursor of DNA synthesis,
thvmidine, is no more available. In experiments reported by Dr. PAINTER and
utflurs, the precursor used was labelled thymidine. Could Dr. PArNTER kindly
comment, as to what is the mechanism of hydroxyurea inhibition in his ex-

periments.

Painter: I don’t know the mechanism of action of hydroxyurea. First of
all the enzymatic studies had shown that hydroxyurea acts by blocking nucle-
otide reduction to the deoxynucleotides. However at concentrations of
hvdroxyurea that we and most other people use to inhibit normal DNA
synthesis the addition of high amounts of deoxynucleosides does not reverse
the block. Thus this is only one of the actions of hydroxyurea; there are
certainly others. Now ROSENKRANZ also says that there is a direct effect on
a DNA molecule; I don’t know what that is. So there isn’'t any doubt that
if one uses hydroxyurea he is not completely sure what it is doing and this
is certainly something everyone has to recognize. The point in all the studies
we have done on irradiation-induced repair replication is that the residual
repair replication after irradiation is not affected by hydroxyurea.

CHANDRA: The reason for my asking this question has some therapeutical
implications on the use of hydroxyurea (HU) in clinical studies. This compound
has been used with a great success to treat Psoriasis [LEAVELL et al.: Arch.
Derm. 102: 144 (1970)], an almost non-curable disease. It has been indicated
that HU may cause chromosomal breaks. So, the question is whether you
observed any DNA breaks after HU treatment?, and secondly, will it not be
useful to clear these doubts before using it in replication studies?

PaintEr: I don’t know about strand breaks but people who have done
strand breaks say hydroxyurea does not cause breaks and hydroxyurea does not
block single-strand break reunion.

R¥vEsz: So far, this general discussion was concerned with substances
which inhibit repair or recovery. Could the experts who are present here com-
ment also upon substances which enhance these processes? I refer, e. g., to the
work of a Yougoslavian group [PETrOVIC et al.: Curr. Top. Radiat. Res. 4:
251 (1968)] who showed that nucleosides enhance repair. There may be many
other substances of a practical importance. '

BoyLe: There seems to be some confusion over whether some effects seen
with hydroxyurea are caused by hydroxyurea itself or an impurity in com-
mercial preparations.
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PaintTeEr: Dr. KENpric SmrTe [Karp, D. 8. and K. Syrta: Technical inhibi-
tion of the repair of single-strand breaks in DNA: post-irradiation sensitization
to X-rays. Int. J. Radiat. Biol. 19: 255 (1971)] used with bacteria concentrations
of hydroxyurea 40 times as great as used for mammalian cells. A contaminant
seems to be responsible for the effect he observed.

AveEreiECK: During the congress in Yugoslavia H. 8. Karrax was talking
about chemical inhibitors of the repair of X-ray-induced single-strand breaks
in cellular DNA. He reported that contaminated hydroxyurea can act as an
inhibitor of postreplication repair after X irradiation. This was already pub-
lished by D. S. Karp and K. Smirh, 1971,

SLor: Hydroxyurea is used to inhibit DNA replication but not DNA repair.
We feel that this may be due at least in part to competitive inhibition with
the purines pool. Has anybody used labelled purines instead of thymidine in
DNA repair studies? Can one notice different effects of hydroxyurea on DNA
repair and DNA replication using adenine and guanine instead of labelled
thymidine?

Stravss: I would like to comment again about hydroxyurea. There is a
paper published by Ben-Hur and Ben-Ishai in » Photochemistry and Photo-
biology « [13: 337 (1971)] which reports essentially the same findings. They
demonstrated the formation of breaks in HeLa cells incubated after UV
irradiation in the presence of hydroxyurea. Hydroxyurea is a peculiar compound
which has been reported by Yu and SiNCLAIR to cause chromosome fragmen-
tation [J. Cell Physiol. 72: 39 (1968)]. In the presence of hydroxyurea DNA
is synthesized in relatively small fragments relative to the size of the DNA
made in its absence [CovrLe, M. and B. Strauss: Cancer Res. 30: 2314
(1970)]. Although it has been demonstrated that repair synthesis is not inhi-
bited by hydroxyurea, this does not mean that the integrated repair process
is not inhibited by this compound, since repair synthesis is only one of the
steps in the complete repair sequence. It is not inconceivable that hydroxy-
urea might inhibit the rejoining of breaks and still not inhibit repair replica-
tion.

RosErTs: In answer to Dr. SLor’s earlier question I can report that we
have found that pyrimidines and purines can be utilized for repair replication
following methylation of mammalian cells in culture.

PainTeER: I have a comment on the use of purines after ultraviolet light
damage. SMETS has reported that there is absolutely no repair measurable
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using purine precursors. I have looked at this with labelled adenine. You have
to be very careful with the gradients and the rebands. What you get after
UV is a low level similar to non-induced repair replication, but I don’t think
we get UV-induced repair replication using adenine. Adenine yields very good
counts when used as a precursor for normal DNA synthesis.

Kavraorr: I would like to raise a further question to the experts in this
field, Is there anything known about repair systems acting on extranuclear
DNA, let’s say on mitochondrial DNA? Photoreversion (or photoreactivation)
has been demonstrated to occur after UV effects to cytoplasmic targets, for
instance in microbian experiments on Amoeba and after UV induction of
cytoplasmatically determined petite mutants in yeast. But as far as I remem-
ber these experiments show only the biological effect, and what I want to
know is whether there is any work done on the molecular level, let’s say to
separate the mitochondrial DNA and see if it ean be repaired.

Axtoni: From the point of view of the eytologist it is admissible to speak
of DNA in general. On the basis of latest biochemical investigations distinetion
[Progress in Nucleic Acid Research and Molecular Biology 10 (1970), 11 (1971)]
is made between DNAs according to their localization and function as well.
Thus, we distinguish between chromosomal DNA, satellite DNA, membrane
DNA and mitochrondrial DNA. As regards the repair and damage of DNA
it is essential to indicate the fraction of DNA which has been studied. In
the morning lecture Dr. Fox reported on the light and heavy DNA. Would
you be so kind as to let us know the procedure of isolation, and whether you
have used synchronized or mixed culture.

Fox: We used asynchronous cultures ot the cell lines and we prepared the
DNA in a number of different ways. One method was to lyse the cells with
SDS and extract the DNA with phenol or to lyse cells with PAS and extract
with phenol. The other method we use is to lyse with SDS, then to extract
the proteins using chloroform-isoamylalcohol and then RNase and then more
deproteinisation with chloroform-isoamylalecohol. With the first two methods,
we got very high yields of DNA from the cell, and we always got, using these
methods, high amounts of this complex material which banded lighter than
the light density DNA. With the Marmur procedure we get rather less of this
»complex ¢« material. The amount of DNA you obtain from this latter procedure
is lower than with the other two methods, ten times less in some cases. So
yvou are obviously being much more brutal to the DNA with the last proce-
dure than with the other two.
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KavtHoFr: Why I asked is that I found photoreversion of a UV effect in
an insect egg which is due to a merely cytoplasmic irradiation.

Kierer: 1 do not know about any studies on the molecular level of
mitochondrial DNA but I heard of some mutation work going on in yeast.
Dr. MoustaccHr of Paris showed at the Baden Meeting that there is obviously
some kind of repair going on in the mitochondria. These activities can be coded
for either in the nuclear genes or in mitochondrial genes. She has several
mutants for this second type of srepair«. But as far as I know she doesn’t
have any evidence on the molecular level,

Normay: Under what circumstances would you find DNA in cells which
was not exposed to the same enzymatic system as the DNA in the nucleus?

KaLTHOFF: Buf the nuclear envelope has pores while mitochondria are
surrounded by closed membranes. So enzymes made in the cytoplasm will have
to travel through these membranes.

PaINTER: At least in mammalian cells it is a very difficult experiment to do
because the total mitochondrial DNA is very small.

STRAUSS: Not if you have circular DNA as you do in some mitochondria.

RoeEerTts: Perhapsitisrelevant that liver mitochondrial DN A has been shown
to be alkylated more extensively than nuclear DNA, following injection of
N-nitroso [“C]-dimethylamine into rats or hamsters. It is also of interest that
neither repair synthesis nor mitochondrial DNA synthesis are inhibited by
hydroxyurea.
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Repair Replication in Mammalian Cells*

R. B. PAINTER

The importance of repair replication after UV-induced damage to DNA in
human cells has, I believe, been amply demonstrated by CLEAVER who has
shown that human cells defective in excision repair are more sensitive (by at
least a factor of three) to UV light than are normal human cells (1).

The role of repair replication in the repair of damage to DNA induced by
ionizing radiation is much more poorly understood. No good data for its action
in bacteria have been forthcoming, although BiLLexN et al. (2), at least, have
searched rather diligently for it. The great amount of DNA degradation that
occurs after X-irradiation of bacteria probably obscures repair replication
which, as I will show, almost certainly must occur.

Three groups have recently investigated the chemical nature of DNA single-
strand breaks. Their data agree extremely well. The proposal of KrRUSHINSKAYA
and SHAL'NoV (3) that the 3'-4" group in deoxyribose was the main point of
attack was confirmed by Kapp and Smith (4). Although Kapp and Syurs (4)
and Borpp and HaGgeEx (5) both showed that the 5 phosphate was by far the
most frequent chain terminus formed, the failure of a polynucleotide ligase to
rejoin the break showed that the single-strand break cannot consist of a
simple rupture of the 3'OH-5'PO, position (6). Previously, Hems (7) had
shown that base elimination occurred with a G value of 0.228, very close to
the value of 0.24 for sugar damage (production of malonic aldehyde) determined
by Karp and Syurh (4). These data all suggest that single-strand breakage is
usually accompanied by base loss from the DNA. It follows that single-strand
rejoining must be accompanied by base insertion, which is synonymous with
repair replication.

We reported (8) that repair replication oceurred in HeLa cells after 100,000 R ;
this observation was received without much enthusiasm since this dose of
radiation is, to put it mildly, supralethal. In the intervening four years, I have
attempted to detect repair replication at lower doses of X-radiation. This ef-
fort has met with a certain measure of success, because it no longer is a problem

* Work performed under the auspices of the U.8. Atomie Energy Commission.
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to detect repair replication at zero dose. The problem has become that I can-
not detect an increase in extent of repair replication over that occurring in
unirradiated cultures until the dose administered to the cells exceeds 1000 R.
I hope to convince you that this is really not surprising and that repair replica-
tion after X-rradiation is a real and necessary process in mammalian cells.

We obtained almost identical results with several mammalian cell lines,
including human (HeLa, an aneuploid line, and WI-38, a diploid), Chinese
hamster (Don and B14FAF), mouse L, and another mouse line, P388F. Our
results with the latter line differ from those reported by Ayap and Fox (9)
and Fox et al. (10) but are entirely consistent with the results from other
cells we have investigated. I will present the data from mouse L cells because
our experience with repair replication after X-irradiation is most extensive
with this line.

103R
Original
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800~

c.p.m
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Fig. 1. Original equilibrium density gradient profile of DNA from cells irradiated with

1000 R and incubated for three hours in the presence of *HBUdR, @—e@ *H c.p.m. The

line without data points 1s a reproduction of trace of transmittance at 260 nm auto-

matically monitored during sample eollection; the lower the transmittance, the higher

the line. Normal density DNA lies between fractions 12 and 18. These fractions were
combined and run in a second gradient (first reband, see Fig. 2).
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The cells were grown in Eagle’s medium supplemented with 159, calf serum
plus streptomycin (50 pg/ml) and penicillin (50 units/ml). Irradiations were
performed at about 2000 R/min, using 300 kVp, 20 ma, 2.0 mm Cu. Repair
replication was demonstrated as described previously (8) with multiple re-
bandings when necessary (11). In this method, one seeks to show uptake of
SH-bromouracil deoxyriboside (*HBrUdR) into single strands of DNA at nor-
mal density regions of CsCl equilibrium density gradients. This is taken as
evidence for repair replication because, under the conditions used for these
experiments (in which incubation with unlabelled BrUdR is used before and
after the 3HBrUdR incubation), the incorporation of *HBrUdR by semicon-
servative replication causes exclusively the formation of heavy tritium-labelled
DNA strands, which are found at or near the bottom of the density gradients.
Tritium is found at normal density regions only when *HBrUdR is present in
segments of DNA which are so short, compared to the fragments isolated for
gradient analysis, that they do not appreciably alter the density of those
fragments.

Mouse L eells were irradiated with 0, 250, 1000, or 10,000 R. After the first
centrifugation the equilibrium density gradient patterns from cells irradiated
with 0, 250, or 1000 R were indistinguishable from one another and are typified
by the results from the 10* R sample shown in Fig. 1. No indication of a peak of
radioactivity was seen in the normal density regions of three gradients. In
the pattern from the cells irradiated with 10? R (not shown) a small peak of
radioactivity was found in the normal density region. The normal density
region of each gradient (shown by the enclosed bar in each figure) was rebanded
into a second gradient. Fig. 2 shows the results from the 0, 103, and 1R
gradients. Note that there are peaks of radioactivity of similar heights at
densities slightly greater than normal in both the 0 and 10#*R gradients. The
results from the 250 R gradient are not shown but were similar. The 10*R
gradient, however, has a peak of radioactivity at normal density, and this
peak contains more radioactivity than the peaks from the other gradients.
The DNA at normal density regions of each of these gradients was collected
again, converted to single strands by heating, and rebanded; the results are
shown in Fig. 3. Again the 0 and 10°R gradients are very similar with the
greatest amount of radioactivity appearing near the bottom, at high density,
of each gradient. The amount of radioactivity decreases through the normal
density regions. The pattern from the 10#R gradient, while showing similar
amounts of radioactivity at high density positions, also has a well-defined
peak containing more radioactivity at a density slightly greater than that of
normal DNA. The normal density region of each gradient was rebanded once
more. This time (Fig. 4) the patterns are very similar, but the 10*R gradient
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shows much more total radicactivity. The peaks of radioactivity in each case
are very close to the density of normal DNA.

To quantify the results the specific activities of repaired DNA were deter-
mined. All fractions showing significant amounts of radioactivity or optical
density at 260 nm were combined and dialysed. The A, of 1 equals 50 ug
DNA. An aliquot of the solution was counted, the count corrected to cpm/ml,
and this value divided by DNA concentration to give final specific activity
in cpm/ug. The results, after the first reband (double-stranded DNA) and third
reband (single-stranded DNA) are shown in Table 1. In the single-stranded

Table 1. Specific activity of L. cell repaired DNA (epm/ug).

After first reband After third reband
Dose t 1t
il (double-stranded) (single-stranded)
0 (eontrol) 163 15
250 150 19
1000 209 19
10000 249 5l

state DNA from cultures irradiated with 101R has a significantly higher
specific activity than the unirradiated control. Thus, irradiation with doses
of 1000 R or less does not induce any more repair replication than that occur-
ring (for whatever reason) in unirradiated cells.

The data from cultures irradiated with 10'R can be used to estimate the
extent of base insertion that has occurred in these cells. The counting efficiency
under the conditions used here (DNA on Whatmann 3 MM paper in PPO,
POPOP, toluene) is about 10 percent, so that the specific activity of the DNA
was about 500 dpm/ug. The decay constant (in minutes) for tritium is 107,
so that there were 5 x 108/10-7 =~ 5 % 10? tritium-labelled BrUdR molecules
per ug of this DNA. The specific activity of SHBrUdR (100 xCi/ml were used
in this experiment) was 11 Ci/mmole, which is 0.38 of the specific activity of
3SHBrUdR in which each molecule has exactly one tritium atom. Therefore,
1.3 x 101 BrUdR molecules existed in each ug of this DNA. Because FUdR
was used in this experiment no endogenous DNA thymine was made. If base
elimination is random, then 4.3 x 10" bases were inserted per ug, since thy-
mines make up about 0.3 of the total bases in mammalian DNA. The unirra-
diated cells, however, incorporated about 40 percent as much BrUdR as did
the 10¢R cells so that the amount induced by irradiation was about 2.6 x 101?
bases per pg DNA.

A dose of 18R is roughly equivalent to 6 X 10" ev/ug. The efficiency of
single-strand production is about 60 ev/break (12, 13) so 10*R produces
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about 1010 single-strand breaks per pug DNA. Therefore, about 2.6 x 1019/
101 — 2.5 bases are inserted by repair replication for each radiation-induced
single-strand break that occurs in mammalian cell DNA. Since base damage
probably exceeds break production (14), part of this repair may be associated
with events other than single-strand breaks. It seems almost certain that fewer
than three bases are inserted per radiation-induced break. These observations
suggest that X-irradiation of mammalian cells causes single-strand DNA
breaks which, although the majority are gaps due to the loss of one or more
bases, are repaired without extensive widening of the gaps. This form of repair,
therefore, does not involve the large-scale degradation of DNA that has been
observed in X-irradiated bacteria (15, 16) and explains the inability of previous
investigators (17-19) to detect X-ray induced DNA degradation in mammalian
cells. '

These data also indicate why the extent of repair replication does not in-
crease significantly above control values until the dose of radiation exceeds
1000 R. About 1.7 x 10" bases per pg were inserted into control cell DNA.
A dose of 1000 R induces 10? single-strand breaks/ng DNA and increases the
total insertion only by about 3 < 10° bases, or 0.9 * 10°® molecules of BrUdR,
or 3.5 X 10% SHBrUdR molecules, or 35 dpm, or 3.5 cpm/ug which is within
the range of the uncertainty of the method.

I would now like to compare the DNA damage induced by ionizing and
ultraviolet (UV) radiations. The rad is the absorption by tissue of 100 ergs/
gram, or 6 » 10" ev/gram of ionizing radiation. The yield of ion pairs in tissue
is somewhere between 30 to 60 ev/ion pair; we will use the former value to
be safe. Thus, one rad will yield about 2 x 102 (6 X 10%¥/3 X 10') ion pairk/
oram. Because ionization is the only important means of energy release by
this kind of radiation, the maximum number of primary lesions will not ap-
preciably exceed the number of ion pairs.

For UV at 260 nm, the yield of thymine dimers in DNA in mammalian cells
has been measured; about 0.05 percent of DNA thymines are converted to
dimers per 100 ergs/mm? incident radiation (20, 21). Therefore, 5 < 10-¢ of
DNA thymines are converted to dimers per ergs/mm? (This value probably
includes mixed dimers but not cytosine-cytosine dimers). Thymines make up
about 30 percent of the bases in mammalian DNA, so there are about 6 > 102
thymines per gram; thus one erg produces 3 X 10% (6 x 10% x 5 % 10-9)
dimers per gram of DNA in mammalian cells. One erg/mm? of incident light
at 260 nm, therefore, induces at least 1500 times as much damage to mammalian
DNA as does one rad of ionizing radiation (damages other than thymine-
containing dimers are not used for this estimate). Thus, the dose, 10,000 R,
after which we can always demonstrate repair replication induced by ionizing
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radiation, is equivalent in terms of DNA damage to only about 7 ergs/mm?
UV. It is not surprising, to me at least, that it is difficult to demonstrate
repair replication in mammalian cells after ionizing radiation. First, the
amount of DNA damage really is small, and second, there is in unirradiated
cells a nonconservative replication that is phenomenologically identical to
that induced by radiation.

The role of repair replication in unirradiated cells is unknown. We have
hypothesized before (22) that this may result from DNA damage caused by
snormal wear and tear ¢, including thermal damage simply by existing at 310°
Kelvin. I do not now believe, however, that this is correct. The specific activi-
ties of repaired DNA given in this paper are those measured in DNA from cells
incubated with hydroxyurea. Recently, we have been looking at repair re-
plication in unirradiated cells incubated with *HBrUdR in the absence of
hydroxyurea. To our great surprise, we found that the extent of repair replica-
tion, again measured as tritium activity in normal density single-stranded
DNA, is much greater in these cells. In fact, the effect of hydroxyurea is to
suppress repair replication in these unirradiated cells to the same extent that
it suppresses normal semiconservative replication. This result is both embar-
rassing and revealing. It is embarrassing because we have not observed it earlier
— our work has concentrated on hydroxyurea-treated cells in which radiafion-
induced repair replication is much easier to observe. It is revealing because it
implies that repair replication observed in unirradiated cells is primarily if
not exclusively a consequence or a component of normal semiconservative
replication. This phenomenon is not correlated with unscheduled DNA syn-
thesis. Unscheduled DNA synthesis induced by 200 ergs/mm?® can be demon-
strated easily either in the presence or absence of hydroxyurea. The extent
of repair replication observed in unirradiated L cells is roughly equivalent
to that induced by about 200 ergs/mm® but is not demonstrable autoradio-
graphically. This nonconservative DNA synthesis seems to be a manifestation
of a very important process and much of the work in our laboratory is now
devoted to its study.
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Genetic Studies on Repair in Xeroderma Pigmentosum Cells

D.Boorsma*, E.A.DE WEERD-KAsTELEIN®*, G. VELDHUISEN**, W. KEYZER*,

Xeroderma pigmentosum (XP) is an autosomal recessive disease in which
the skin is extremely sensitive to sunlight. In cultivated fibroblasts of XP
patients DNA-repair replication after ultraviolet irradiation is absent or
markedly reduced (1, 2). Using the dark-repair mechanism in microorganisms
as a model, evidence has been presented that XP cells are defective in the
incision step of DNA repair (3, 4, 5). However, the possibility of different
mutations leading to comparable clinical defects in XP patients cannot be
excluded. In cells from patients of different families with XP different rates
of DNA-repair replication have been observed (2, 6, 7, 8) indicating genetic
heterogeneity in the basic defect of XP. Moreover, two different forms of XP
have been described. In the classic form of XP the patients show skin lesions
only, whereas in the de Sanctis-Cacchione syndrome, a rare variant of XP,
there are severe neurological abnormalities in addition.

In the present report experiments are described using cells from different
patients with XP in which we studied DNA repair. Genetic heterogeneity of
XP was demonstrated by somatic cell hybridization techniques.

Different rates of DNA-repair replication in XP Cells

Fibroblast cultures originating from skin biopsies of patients with XP were
grown in thymidine free F12 medium supplemented with 15%, foetal calf
serum. Repair DNA synthesis was studied by exposing 2 to 4-days-old cover-
slip cultures to ultraviolet irradiation (a 15W Philips TUV low pressure mercury
tube, dose rate 9 ergs/mm?sec, predominantly 254 nm). Immediately after
irradiation the cultures were incubated for 3 hours in 3H-thymidine-containing
medium (10 xCi *H-TdR per ml medium, speec. act. 2.0 Ci/mmole). In later
experiments the cultures were labelled for 1 hour with *H-TdR, exposed to
ultraviolet light and subsequently incubated again in *H-TdR-containing
medium for 2 hours. After labelling the cells were fixed and processed for auto-

* Dept. of Cell Biology and Genetics, Rotterdam Medical Faculty, Netherlands.
** Med. Biol. Lab. TNO, Rijswijk, Netherlands.
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radiography. Repair DNA synthesis after UV irradiation was measured by
gm.in'muntings over weakly labelled cells in the G1- or G2-phase of the cell
eyele. The results obtained with cells from a mild case of XP (XP1) and from
a moderate case of XP (XP2) are given in Fig. 1. A decreased level of unsched-
uled DNA synthesis is found in cells from both patients (70 and 509, of the
control at the 100 ergs/mm?® dose). In cells of a second cousin of patient XP2,

304
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Fig. 1. Repair DNA synthesis in normal human fibroblasts (DB), eells from a mild case

of XP (XP1) and from a moderately severe case of XP (two different strains, XP2A and

XP2ZB). Repair DNA synthesis is measured as the average number of grains over weakly

labelled cells in G,- and G,-phase after UV exposure. Autoradiographic exposure time:
3 days.

also suffering from xeroderma, the same decreased level of repair activity was
present (2).

These levels of repair replication clearly differ from those observed in cells
from a severe case of XP (XP4), representing the classic form of the disease
(severe skin lesions, normal mentality). This is seen in Fig. 2 representing *H-
TdR labelling after an autoradiographic exposure time of 3 days. An exposure
time of one month yielded a grain number that was 10-20%, of that in control
cells.
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Fig. 2. Repair DNA synthesis after UV exposure of normal human fibroblasts (DB),
cells from patient XP2 (moderately severe case of XP) and patient XP4 (classic form of
XP). Exposure time: 3 days.

At the present time we have extended our studies to 14 different patients
with XP and 5 presumed heterozygotes. The heterozygotes for the classic form
of XP could not be distinguished from control cells under our experimental
conditions.

Repair DNA synthesis in cells of a patient with the
de Sanctis-Cacchione syndrome

A skin biopsy of a patient with the de Sanctis-Cacchione form of XP (XP12)
was obtained from Dr. V. pEr Kavroustiax at Beiruth. The pedigree, con-
structed by Dr. pEr KavousTiax, is presented in Fig. 3. The 8 daughters in
this family are normal whereas the 3 sons show the symptoms of the disease.

XP12 cells did not perform repair DNA synthesis, even after long exposure
times of the autoradiographs. Skin cultures from the mother (XP14) showed
repair DNA synthesisin all the cells in G1-and G2-phase indicating -an auto-
somal inheritance of the mutation. However, the level of repair DNA synthesis
was significantly lower than in control cells after high doses of ultraviolet ir-
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radiation (Fig. 4). The same decrease in repair activity was found in skin
cultures of the father (Fig. 4: XP15). These results might indicate that in these
cells of heterozygotes for the de Sanctis-Cacchione mutation the repair DNA
svnthesis has a slower rate, leading to incomplete repair after relatively high
doses of UV irradiation during the 2-3 hours of *H-TdR labelling.

XP 15 XP 14

: ?
: I TEL T L
basash basad

Fig. 3. The de Sanctis-Cacchione syndrome in a family from the Libanon (Courtesy Dr.
V. der Kaloustian). Cell strains have been made from skin biopsies of patient XFP12 and
the parents XP14 and XP15.
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Fig. 4. Repair DNA synthesis in cells of the two parents (XP14 and XP15, see Fig. 3)
of a patient with the de Sanctis-Cacchione syndrome. Exposure time: 3 days.

Repair of UV-irradiated virus in normal human and XP cells

Similar to the work of Rassox et al. (9) the survival of herpes simplex virus,
irradiated with ultraviolet light, was determined by plaque titration on fibro-
blasts from patients with XP and compared with the survival on normal
fibroblasts. The survival on XP cells was lower than on normal fibroblasts,
which points to a repair of UV damage in the herpes DNA by the host (host
cell reactivation, HCR). The results obtained in the first series of experiments
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indicate that the degree of HCR observed in the different xeroderma strains
(e.g. XP2, XP4, XP9, XP12) is related with the degree of repair DNA synthesis
in the host cell as measured with autoradiography.

Repair DNA synthesis in binuclear cells after fusion of cells from
different XP patients

A new approach in the study of genetic heterogeneity is introduced by the
application of cell fusion techniques. These techniques have been successfully
used in the demonstration of complementation between different genes (inter-
genic complementation) in human — human hybrid cells by SiNiscarnco et al.
(10) and Sivacr et al. (11). Recently genetic heterogeneity in galactosemia
has been deseribed by NapLER et al. (12), who found interallelic complementa-
tion after fusion of fibroblasts from different patients and subsequent deter-
mination of galactose-1-phosphate uridyl transferase in the various hybrid
combinations.

To avoid the rather complicated isolation of a pure mononuclear hybrid cell
line, we have studied complementation between different XP strains using
the binuclear cells which can easily be identified after cell fusion.

In the first series of experiments cells of the XP4 strain (classic form of XP)
were fused with those of the XP12 strain (de Sanctis-Cacchione syndrome),
After trypsinization the parental cells were mixed in a ratio of 1:1 and fusion
was induced with UV-inactivated Sendai virus according to HARRIS et al. (13).
Subsequently the cell suspension was seeded in Petri dishes on coverslips. At
1, 2 or 3 days after fusion the cultures were labelled with 10 uCi *H-TdR per
ml medium (spec. act. 2 Ci/mmol) for 1 hour and exposed to 100 ergs/mm?
ultraviolet irradiation. After irradiation cells were incubated again in *H-TdR-
containing medium for 2 hours. XP4/XP4 and XP12/XP12 fusions served as
controls, the autoradiographic preparations were exposed for 1 week.

The frequency distribution of grain counts in the two parental XP strains
and in one normal strain is given in Fig. 5. Repair DNA synthesis is very
slow or absent in the two XP cell strains. On the basis of the distribution in
normal cells we adopted the grain numbers of 8 and 50 as the limits of un-
scheduled DNA synthesis.

The grain numbers found over the binuclear cells in the preparations ob-
tained after fusion are presented in Fig. 6. Only in the fused and irradiated
population of XP4/XP12, binuclear cells were observed showing a weakly
labelling indicative of repair DNA synthesis (8-50 grains over each of both
nuelei, Fig. 6f and 7b). This labelling was found in 25-359%, of the binuclear
cells (Table 1).
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Comparable fusion experiments were performed using four different XP cell
strains (XP4, XP9, XP12 and XP16) in order to study the specificity of the
oceurrence of labelling in binuclear cells. In Table 2, the results of six different
fusions are presented, showing the percentages of binuclear cells with 8-50
grains over each of both nuclei. It may be seen that a high percentage (30 to
409,) of weakly labelled binuclear cells is found only in those combinations
where XP12 cells (de Sanctis-Cacchione syndrome) are involved. Binuclear
cells obtained after fusions of cells from different patients, each with the classic
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Fig. 5. Repair DNA synthesis in fibroblast cultures of normal individuals and patients

with XP. The frequency distributions of grain numbers over nuclei in autoradiographie

preparations after UV exposure and *H-TdR labelling are presented. Only cells with 50

or less grains per nucleus were counted. a, ¢, and e: unirradiated cells of the control (C2),

the XP4 and the X P12 cell strain respectively. b, d, and f: C2, XP4 and XP12 cells after
exposure to 100 ergs/mm? of UV irradiation.
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form of XP, did not show any increase in labelling upon irradiation. The 8
percent labelled binuclear cells observed after fusion of XP4 with XP9 cells

might be the result of a relatively high residual activity of the repair process
in XP9 cells.

Characterization of binuclear cells showing repair DNA synthesis

In the fused XP4/XP12 cell population one might expect three types of
binuclear cells: XP4/XP4, XP12/XP12 and XP4/XP12. To determine which

class of binuclear cells shows the labelling pattern indicative for repair re-
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Fig. 6. Frequency distributions of grain numbers over nuclei in binuclear cells in un-
irradiated cultures (a, ¢, and e) and UV-exposed cultures (100 ergs/mm?, b, d, and f) after
XP4/XP4 (a and b), XP12/XP12 (c and d) and XP4/XP12 (e and f) fusion.
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plication, the technique of identification of sex chromosomes in interphase
nueclei with the aid of fluorescent atebrin staining has been used.

Fusion between XP4 and XP12 cells was carried out as described before.
However, after UV exposure and ¥H-TdR incorporation the preparations were
not immediately processed for autoradiography, but instead fixed in ethanol-
ether (1:1) for 2.5 hours, air-dried and stained for 5 min in 0.5%, aqueous atebrin
(G. T. Gurr). After rinsing and mounting in buffer the preparations were
studied with a fluorescence microscope. With the atebrin staining the Y chro-
mosome in male interphase nuclei (14) and the Barr body in female nuclei (15)
are visible as fluorescent spots. Four classes of binuclear cells in the female
XP4/male XP12 fusion were observed, characterized by

.
B SEe T

Fig. 7. Two binuclear eells in a XP4/XP12 fused cell population after UV exposure fol-
lowed by *H-TdR labelling. Repair DNA synthesis is absent in A and present in B.
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two nuclei each with a Barr body (Fig. 8a),

two nueclei each with Y chromatin (Fig. 8b),

one nucleus with a Barr body and one with Y chromatin (Fig. 8¢), and
one or two unidentifiable nuclei.

The positions in the preparations of about 100 binuclear cells of each of
the first three classes were recorded. Subsequently the preparations were sub-
jected to the autoradiographic procedure. After autoradiography the labelling
pattern was studied in the very same cells (Fig. 8).

e e

Table 1. Tritiated thymidine labelling following UV exposure of fused eell populations.

3 h Percentage of labelled Number of
Time after fusion binuclear cells*® binuclear cells

Fusion (days) after counted

%]

Oergsfmm? [100ergs/mm? | 0ergs/mm? |100ergs/mm?

XP4/XP4 1 0 3 101 118

2 3 4 104 150

3 L] o 150 150
XP12/XP12 1 0 0 101 100

2 < 2 = 2 43 45

3 < 2 0 59 100
XP4/XP12 1 1 25 300 334

2 1 a6 200 200

i 0 al 219 219

* Only cells with 0-50 grains over each of both nuelei were counted, cells with 8-50 grains
over each of both nuclei were counted as labelled.

Table 2. Tritiated thymidine labelling following UV exposure of fused cell populations
using different XP cell strains.

Percentage of labelled Number of binueclear

Fusion binuclear cells* cells counted
0 ergs/mm? 100 ergs/mm? 0 ergs/mm? 100 ergs/mm?

XP4/XP9 <1 8 50 -60
XP4//XP12 1 36 200 200
XP4/XP16 <1 2 50 50
XP9XP12 <1 30 50 50
XP9/XFP16 <1 4 50 50
XP12/XP16 =1 36 50 50

* See footnote Table 1.
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In the UV-irradiated cultures 879, of the binuclear cells having one nucleus
with Y chromatin and a second with a Barr body (XX/XY) showed 8-50 grains
over each nucleus (Table 3). In the XP4/XP12 combination weakly labelled
cells were only found in 89, of the XX /XX and in 2%, of the XY/XY binuclear
cells. The f'rp‘qu{-u:-y distributions of grain counts presented in Fig. 9 clearly

c

Fig. 8. Repair DNA synthesis in binuclear cells after fusion of X P4 (classic form of XP)
and XFP12 (de Sanctis-Cacchione) cells. Autoradiograms {on the left) and fluorescence after
atebrin staining (on the right) are shown. A Binuclear eell, two nuclei with a Barr body
(XP4/XP4). B Binuclear cell showing Y chromatin in both nuclei (XP12/ [XP12). C Bi-
nuclear cell having one nuecleus with a Barr body and another nucleus with Y chromatin
(XP4/XP12). Only the XP4/XP12 ]:JII]IH_[HII cell shows repair DNA synthesis,
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Fig. 9. Frequency distribution of grain numbers over the three types of binuclear cells

after UV exposure that can be identified by atebrin staining of XP4/XPI12 fusions.

a) Binuclear eells having two nuclei with a Barr body (XP4/XP4). b) Binuclear cells

having two nuclei with Y chromatin (XP12/XP12). ¢) Binuclear cells having one nucleus
with a Barr body and the other nucleus with Y chromatin (XP4/XP12).

Table 3. Tritiated thymidine labelling of binuclear cells that have been identified by
atebrin staining following exposure to 100 ergs/mm?® UV light.

Atebrin diagnosis Number of Percentage of
Fusion of sex chromosomes | Grain count® nuelel labelled bi-
in binuclear cells counted nuclear cells**
XP4/XP4 XX/ XX 4.4 4+ 0,2 186 =1
XP12/XP12 XY/XY 1,8 + 0,2 180 <1
XP4/XP12 XX/XX 4.2 1 0,4 174 8
XY/XY 2,0 + 0.3 178 2
XX/XY 17.6 + 0.6 196 87

* The average number of grains per nucleus in binuclear cells and the standard error
of the mean. 100 binuclear cells were counted in each group. Only nuclei with 50 grains
or less were included.

** Bee footnote Table 1.
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indicate that based on atebrin characterization of the binuclear cells two

different classes can be distinguished:

1. XX/XX (Fig. 9a) and XY/XY (Fig. 9b) binuclear cells showing grain count
distributions comparable with those found in the parental cell strains (see
Fig. 5d and 5f),

2. XX/XY binuclear cells (Fig. 9¢) showing the same labelling pattern as
normal cells after UV exposure (see Fig. 5b).

The average number of grains per nucleus found over the XX/XY binuclear
cells (Table 3) is about the same as observed for control cells showing repair
DNA synthesis after UV exposure.

The present results strongly suggest that the *H-TdR labelling in the bi-
nuclear hybrid cells after UV irradiation represents repair DNA synthesis as a
result of complementation. The most simple interpretation is that twp dif-
ferent genes are involved in the basic defect of the de Sanctis-Cacchione and
the classic xeroderma pigmentosum syndromes. As a consequence in binuclear
cells of hybrid nature normal gene produet will be present (intergenic com-
plementation). Analogous to complementation in heterokaryons of fungi (16),
in binuclear human cells interallelic complementation might occur in some
combinations of parental nuclei. However, this hypothesis is not supported
by our finding that *H-TdR. labelling is absent after fusion of cells from dif-
ferent patients with the classic form of XP, even if parental cells perform dif-
ferent levels of repair replication.

To distinguish between intergenic and interallelic complementation further
studies are required on the properties of the enzyme involved in this repair
process in the binuclear cells compared to normal cells.
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Repair Mechanism in Xeroderma Pigmentosum and
Related Traits*

ErxsT G. JUuNg

Since CLEAVER's (5) observation of a defective excision repair mechanism
in fibroblasts of xeroderma pigmentosum (x.p.) photobiological studies in
light-sensitive skin diseases have gained importance. We have tried to combine
the traditional dermatological experience with modern biochemical methods
to investigate the light-sensitive skin diseases. Since a major part of actinic
damage, including skin carcinomas, in light-exposed areas are predominantly
of epidermal and not of dermal origin, we have adapted the autoradiographic
method (11, 14) for use in short-term dermo-epidermal tissue cultures. The
second reason for employing this procedure was to avoid damage due to in-
corporated radioactive thymidine in living human beings (9).

Method

Skin grafts of 0.2-0.3 mm thickness were cut with a dermatome from un-
affected skin of the gluteal region and divided into small pieces (2 % 2 mm).
These pieces were irradiated with an unfiltered xenon arc lamp (11) at various
energies (total output: 2.1 X 10f erg em—2 sec™!, measured by a compensated
thermopile CAl (Kipp & Zonen). Immediately after irradiation the specimens
were incubated in TC medium 199 (Difco) for 4 hours at 37° C with 1 uCifml
H-methyl-thymidine (5 Ci/mM). They were then fixed in formalin, sectioned
(6 u), stained with acid hemalum and autoradiographed (exposure 7 days,
Kodak AR 10 film).

Excision (dark) repair activity was expressed by the number of lightly
marked epidermal cells per 200 cells investigated in each section. Replication
activity was expressed by the number of heavily marked cells (S-phases) per
1000 basal cells investigated in each section.

* This work was supported by a grant from the Deutsche Forschungsgemeinschaft
DFG (Ju 80/1).
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Excision repair and semiconservative replication in
* human skin diseases

The only light-sensitive skin disease with a constant lack of excision repair
activity is xeroderma pigmentosum. The results obtained in fibroblasts by
various research groups are similar. The defective enzyme-mediated step seems
to be an initial one (15) at the endonuclease level (incision).

Our own results in epidermal cells, as shown in Table 1, are in accordance
with the investigations in fibroblasts (3, 5, 10, 15) and those in epidermal
cells (8, 9). A regular decrease of lightly marked cells in xeroderma pigmento-

Table 1. Values obtained in epidermal cells.

: ; Excision ov fjep R
Diagnosis repair of semiconservative
replication
Xeroderma pigmentosum (6 cases) .-
Pigmented xerodermoid (2) + SR B
Bloom syndrome (1) + +
Poikiloderma congenitale (1) + s o
Oculocutaneous albinism (1) i ==
Progeria adultorum (1) + =3
Porphyria cutanea tarda (2) t +
Basal-cell-nevus syndrome (2) -} =5
Photoallergies (3) = =
Persistent light reactor (1) JE AT
Normal (control group of 10 cases) - +

sum was observed. However, it was not possible to establish individual levels
of the repairing defect by our method, as reported by Boorsma et al. (3) in
cultured fibroblasts of x.p. patients. The repairing defect in x.p. can be
demonstrated not only in fibroblasts but also in epidermal cells and lymphocytes
(4, 14),

On the other hand, the semiconservative replication as expressed by the
number of heavily marked S-phases per 1,000 basal cells was unaltered in all
skin diseases investigated (Table 1). Normal epidermis shows a dose-dependent
UV-induced depression of S-phases (after 4 hours) that can be found in skin
diseases, too (12). Further studies on two female cases of a clinical variety of
xeroderma pigmentosum exhibited a different biochemical behavior at the
cellular level. The repair activity seems to be normal while the UV-induced
S-phase depression is almost total after a relatively low dose of UV light (13).
We call this trait »pigmented xerodermoid « (pig. xoid.).

e
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Further characterization of pigmented xerodermoid (pig. xoid.)

Pigmented xerodermoid is a skin disease similar to xeroderma pigmentosum.
Both solitary female cases with normal brown pigmentation showed on ex-
tensive exposure to sunlight an alteration of the exposed skin resembling x. p.
with atrophy, poikiloderma and multiple malignancies (Fig. 1). The manifesta-

Fig. 1. Pigmented xerodermoid, actinie skin changes with atrophy and multiple ma-
lignancies.

tion of these actinic skin changes occurred between 35 and 40 years of age.
Nevertheless epidermal cells show normal repair activity (Table 1). In spite
of good pigmentary protection and the extensive lesions of sun-exposed skin
with multiple keratomata and malignancies the early manifestation led us
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to separate this phenomenon from what is usually well known as actinic or
solar damage.

In these two cases of pig. xoid. one has to suggest, therefore, an increased
light sensitivity of the semiconservative DNA replication which could give
a clue for the extensive damage of light-exposed skin.

GorpsTeIN (10) demonstrated that cultured fibroblasts from x.p. have a
decreased survival rate. He correlates the deficiency in repair replication to
the sensitivity against UV light. Our experiments with irradiation of lympho-
eytes from normal, from x.p. and from pigmented xerodermoid subjects give
another evidence for such a correlation (13, 14) (Fig. 2). In lymphoeytes from
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Fig. 2. Survival rate of human lymphoeytes, 3 hours after UV irradiation in wvitro.
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Fig. 3. Influence of caffeine (102 and 10-*M) on repair replication and S-phase activity
in normal human epidermis (in vitro).
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pig. xoid. one can demonstrate repairing activity expressed by sparse labelling
of the surviving cells. The reduction of the UV resistance of these cells suppﬂrté.
the idea that in pigmented xerodermoid a repairing process other than execision
repair could be defective. One has to consider the recombinational repair oc-
curring during the semiconservative replication (1, 6, 7). Since there is evidence
that the recombinational form of repair, but not the excision repair, can be
inhibited by caffeine, we tried to imitate the UV-induced depression of S-phase
observed in pigmented xerodermoid by adding caffeine (102 and 10-2M) to
the culture medium of UV-irradiated normal skin. As shown in Fig. 3, caffeine
has no effect on excision repair in normal epidermis but inhibits the post-ir-
radiation semiconservative replication.

All these facts give evidence of a defect in the recombinational form of
repair in these two patients with pigmented xerodermoid. An analogy to the
mutant of Escherichia coli rec— A, B, C and lex— is evident.

Excision repair and semiconservative replication in
actinic-damaged skin

Actinic epidermal damage of old (more than 50 years old) and sun-exposed
skin imitates the clinical picture of atrophy, keratoses and malignancies oe-
eurring in x.p. in the first 2 decades. To prove whether this is the result of an
acquired lack of recovery due to exhausted repair mechanisms, or an expres-
sion of cumulative short-term overcharge of these mechanisms by extensive
sun exposure, we investigated both, excision repair and semiconservative
replication in the epidermis of the following three groups:

a) 20-35 year old male volunteers (gluteal region and forearm) as a control
group (n = 5).

b) 65-80 year old males with extensive sun exposure in their case history and
marked actinic changes on the forearms. Specimens were taken from the
atinic-damaged skin of the forearm. (Patient group with old and solar-
damaged skin, n = 6).

¢) From the patients of group b) we simultaneously took specimens from the
non-irradiated skin of the gluteal region as a control, without sun-exposure
(patient group, age alone, n = 6).

As seen in Fig. 4 the excision repair activity in all three groups, a, b and ¢,
is about the same and shows the same saturation effect. There is no sign of a
decrease of execision repair either in epidermal cells of old skin or in epidermal
cells of old skin with marked actinic damage in comparison to normal young
skin. Regarding the semiconservative replication and the S-phase depression
after UV irradiation, there is no significant difference between the three
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groups. Replication activity of the old skin is, as expected, lower than that
of young skin (Fig.5). The most surprising fact is the increased S-phase
activity in the skin with actinic damage (group b) in comparison to that in
undamaged skin of the same patients (¢). This may be an evidence for a sort
of premalignant state of epidermal areas with marked actinic damage (2).
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Fig. 4. Repair replication in human skin.
skin with solar damages, forearm);

group a (young skin); - - - group b (old
group ¢ (old non-irradiated skin, gluteal region).
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Fig. 5. S-phase activity (semiconservative replication) in human skin.
{gluteal region); —— — group a (forearm) ; =—— group b (see Fig. 4);

group a
group ¢ (see Fig. 4).

Differential diagnostic criteria of xeroderma pigmentosum
and related syndromes

To summarize, in Table 2 a synoptic attempt is made to classify xeroderma
pigmentosum, de Sanctis-Cacchione syndrome (x. p. with microcephaly, mental

deficiency, dwarfism and gonadal hypoplasia), pigmented xerodermoid and
actinic solar damages.
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Table 2.
Xeroderma EE S:::_mtm- Pigmented Actinic solar
pigmentosum E}T::];;:l:: xerodermaoid damages
Heredity autosomal-recessive H none
Occurrence of first Early childhood 30-40 years late
SymMpLoms
Expectation of life reduced strongly normal normal
reduced

Neurol. sympt. == TR — —_
Exeision repair strongly reduced normal normal
UV-induced : normal ? increased normal
S-phase depression
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Analysis of Repair in Human DNA by 5-Bromodeoxyuridine
Photolysis*

JAMES D. REGAN

First a few words about how we (R. B. SETLow and I) came to develop this
method of DNA repair analysis by 5-bromodeoxyuridine (BrdUrd) photolysis.

In 1968 we first described excision repair in normal human cells (1). Thus
when CLEAVER's interesting finding (2) of the low or absent unscheduled
synthesis and low repair replication in xeroderma pigmentosum (XP) appeared
we were, of course, anxious to examine these cells for excision of ultraviolet
(UV)-induced pyrimidine dimers. We wished to determine if, in fact, XP cells
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Fig. 1. Excision of pyrimidine dimers from the DNA of normal and XP cells. Male { 0)

and female ( O) uncomplicated XP; male (M) and female (@) de Sanctis-Cacchione

syndrome. [From REcaw, J. D., R. B. BerLow, J. GErRMAN, W. L. CARRIER: Proc. Symp.
4th Intern. Congr. Radiation Res., Evian (France), July 1970; in press.]

* Research sponsored by the U.S. Atomie Energy Commission under contract with
Union Carbide Corporation.
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were truly repair-deficient mutants at the level of excision repair and thus
similar to non-excising, UV-sensitive strains of microorganisms. Fig. 1 shows
the results of our excision-repair experiments with cells from patients with
the uncomplicated form of XP and cells from patients with the de Sanctis-
(Cacchione syndrome, as well as cells from normal subjects. Clearly the XP
cells excise few or no dimers compared to normal cells.

Fig. 2 shows the four presumed steps in the human cell repair system. The
methods of unscheduled synthesis and repair replication are experiments which
directly examine the third or DNA polymerase step in repair. The radiochro-
matographic method we employed (1) for examining excision of dimers really
can be said to look directly at the second or exonuclease step of repair. Since,
in the repair scheme, the only step that is supposed to be UV-specific is the
first, or UV-endonuclease step, and, in XP, the symptoms are clearly UV-
induced (the skin ot the buttocks, for example, of XP patients is usually quite

Steps in the repair of UV-induced pyrimidine
dimers in hurmnan cells

Step Enzyme Result

1  UVendonuclease : single-strand break
near a dimer

2 Exonuclease : chopping out or _—
excising dimers

3 DNA polymerase : insertion of new un- —\Tr
dimerized pyrimidines
into the gap

[ DNA ligase : closing the gap ", —

Fig. 2. Dla-grmmatm representation of the excision repair mechanism. [From Recax,
J. D., K. B. SeTrow, J. GERMAN, W. L. CARRIER: Proe. Symp. 4th Intern. Congr. Radia-
tion Res., Evian (France), July 1970; in press.]
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normal), we wished to examine directly the first step in repair. To do this we
turnéd to the McGraTH-WiLLIAMS technique of alkaline sucrose gradients (3).

Fig. 3 shows the results of typical alkaline sucrose gradients obtained after
UV treatment of normal and XP cells [methods have been described in detail

elsewhere (4,5)]. Whether XP cells are irradiated or not, no significant changes
are seen in the weight average molecular weight of the DNA on these gradients.
In the normal cells a small downward shift is seen in the irradiated cells’ DNA
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Fig. 3. Alkaline sucrose gradients of the DNA of cells from normal and XP patients.

O — O, unirradiated; A — A, irradiated. [From Recan, J. D., R. B. S8eTLow, J. GERMAN,

W. L. CArRrIER: Proc. Symp. 4th Intern. Congr. Radiation Res., Evian (France), July
1970; in press.]
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after exposure to UV. This difference is admittedly rather unimpressive but
we have found it consistent and reproducible. The reason this shift in normal
cells is small is that, in these experiments, one measures only the number of
breaks present at a particular time during repair, and since the breaks induced
by the UV endonuclease and the subsequent dimer excision and rejoining of
breaks are oceurring continuously, the actual number of breaks observed at
any instant is small. Thus we needed a method which would yield a cumulative
incidence rather than an instantaneous rate for the UV-endonuclease-induced
breaks. We needed a way to keep the breaks open and accumulate them.

First we turned to DNA polymerase inhibitors as a possible way to keep the
breaks open. We used phleomycin and novobiocin, both antibioties which sup-
posedly inhibit DNA polymerase, but these compounds were totally ineffective
in inhibiting DNA strand rejoining after UV-irradiation. Then we hit on what
we have called ever since the » BU trick «. The method does not keep the breaks
open but it does the next best thing. It enables us to mark the breaks with
BrdUrd and later reopen them on the alkaline gradients after 313-nm irradia-
tion.

The details of the method have been described elsewhere (5,6). Briefly, cel-
lular DNA is labelled overnight with tritiated thymidine ([*H]dThd). The label-
ling medium is removed and replaced with regular growth medium for 4 hours.
Then the cells are irradiated with 254-nm UV-radiation. The medium is im-
mediately made 10-*M with BrdUrd; control cultures receive 10~4M dThd.
All cultures are made 2 x 10-*M with hydroxyurea (7) to inhibit semiconser-
vative replication and thus avoid competition for the added nucleosides during
repair synthesis. After 16 hours the cells are harvested with an ethylene
diaminetetraacetic acid solution and irradiated with a high flux of 313-nm radia-
tion from a Hilger monochromator. The cells are then lysed and sedimented in
alkali in order to measure the molecular weight of the DNA. The schedule of
treatments is shown in Fig. 4.

If BrdUrd is inserted into repaired regions during repair synthesis, the
313-nm radiation makes these regions alkaline labile; thus when the cells are

Hydroxyurea : 2 x10-*M
. BrdUrd (or dThd) :10-5M_

L
[3H] dThd [2H] dThd 313nm
l T J/w {254nm) l/Lyse, sediment
1 1 1
0 2% 28 &b hrs

Fig. 4. Schedule of treatments for repair assay using BrdUrd photolysis. [From REGAN,
J. D., R. B. SETLow, R. D. LEY: Proc. Nat. Acad. Sci. (Wash.) 68: 708 (1971).]
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Mormal cells
Dimers excised
Labelled Pyrimidine BrdUrd
DNA dimer Residues inserted
u"/ ’/ ':I i
i
Repair Irradiated with / ?
UV-irradiated g # in nonradiooctive & 3M3nm Sediment in
> =
in vivo medium containing Lyse cells alkali
BrdUrd in alkali
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Labelled Pyrimidine Most dimers remain :
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Fig. 5. Diagrammatic scheme of repair analysis in normal and XP ecells by BrdUrd
photolysis. [From Recaw, J. D., R. B. Serow, M. M. Kapack, R. R. HoweLL, E. KLEIN,
G. Buraess: Science 174 150 1971).]
put on the alkaline sucrose gradients, breaks appear in the DNA at the sites
of BrdUrd insertion, giving an estimate of the number of repaired regions and

the extent of repair.

Fig. 5 shows a diagrammatic scheme of the experiment. Since M. B. Liox
(8) had earlier observed that . coli DNA fully substituted with BrdUrd was
extraordinarily sensitive to 254-nm radiation when subsequently placed in
alkali, we used 313-nm radiation to minimize damage to unsubstituted DNA
while maximizing breakage in the BrdUrd-containing DNA. The first experi-
ment we performed, therefore, was designed simply to determine the sensi-
tivity of human DNA, unsubstituted and fully substituted with BrdUrd, to
313-nm radiation (Fig. 6). (Clearly there was a great difference in sensitivity.)
Then we proceeded to apply this technique to the repair of DNA rather than
to its replication.

Fig. 7 shows typical results for both normal and XP cells when this technique
is used. There is a marked decrease in weight average molecular weight (M)
in the normal cells, while in XP cells there is only a minor shift in Mg, This
result indicates little sensitivity to 313-nm radiation in the XP cells compared
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Fig. 6. Effect of 313-nm radiation on the DNA of normal human eells (as observed on

alkaline sucrose gradients) which have undergone semiconservative replication in the

presence of [*H] BrdUrd or [*H] dThd. [From Recax, J. D., R. B. SerLow, R. D. LEy:
Proc. Nat. Acad. Sei. (Wash.) 68: 708 (1971).]

to normal cells, suggesting that there was little BrdUrd substitution in their
DNA after irradiation with UV.

We have also applied the BrdUrd technique to normal cells after DNA
damage by gamma rays. In these experiments little 313-nm sensitivity is
seen and molecular weight calculations suggest a substitution of perhaps only
one or two BrdUrd residues per repaired region instead of the ~20 such
residues we earlier (5) calculated to be incorporated per average repaired
region after UV-irradiation. We are now applying this technique to normal
cells whose DNA has been damaged by certain mutagenic and carcinogenic
compounds. Results of these experiments are as yet incomplete but preliminary
findings obtained with ethyl methanesulfonate, nitrosoguanidine, and propane
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sulfone have yielded results similar to those seen with gamma rays; that is,
there is no evidence of extensive BrdUrd incorporation. With certain aromatic
amines, however, our results suggest an extent of repair similar to that seen in
normal cells after exposure to UV,

We have also used the BrdUrd method as a rapid, sensitive prenatal diag-
nostic test for XP, using cells from mid-trimester amniotic fluid obtained by
amniocentesis (6). Normal amniocentetic cells employed in this assay displayed
repair activities quite comparable to normal skin fibroblasts. From this we
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Fig. 7. Sedimentation patterns in alkaline sucrose of the radioactivity from [*H] dThd-

labelled cells that have been irradiated with 200 ergs/mm—2 of 254-nm radiation, incubated

for 16-20 hours in bromodeoxyuridine (——) or thymidine (- - -), and then exposed to

4.5 x 10P ergsfmm—* of 313-nm radiation before being lysed on top of the gradients.

[From Recaw, J.D., R.B. BeETnow, M. M. Kasack. R. R. HoweLL, E. KLEmn, G.
BurGEss: Science I74; 150 (1971).]

assume that XP cells obtained prenatally would display the repair defect we
can clearly see in the XP skin fibroblasts using this assay.

Thus, the method of assaying repair by BrdUrd photolysis has proved to be
a very useful technique in the study of DNA damage induced by various types
of radiation or chemical agents.
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Discussion

Axtoxi: The discussion is open about the afternoon lecture. Dr. Luocas,
please.

Lucas: Let me first, briefly, introduce to you what made us, as a laboratory
of immunopathology, interested in repair processes.

Our interest is the fate of damaged molecules. We asked whether it would
be possible that an immune response is developed to in vivo produced mole-
cule damage. Should this happen, cross-reactions might lead to autoimmunity.

Systemic lupus erythematosus (SLE), a well known example of an auto-
immune diseasge, is, in addition to many other features, characterized by the
oceurrence of antibodies to DNA. Moreover, many of the patients with SLE
are described to have a hypersensitivity to sunlight. It is tempting to combine
these facts with the known damaging effect of ultraviolet light on DNA.

UV-irradiated DNA is strongly antigenic in experimental animals, while
normal DNA is not. We thought that such antibodies could be of great power
in the specific labelling of only the lesion in a DNA molecule. Due to the tol-
erance for DNA it is not very difficult to prepare specific antibodies to UV-
irradiated DNA.

Fig. 1 shows a dose response curve, for which we used a radio-immunoassay.
[WoLp, R. T, F. E. Youxe and E. M. Tax: Science 161: 806 (1968)]. Included
is also the reaction with DNA which was irradiated with Black Light in the
presence of acetophenone. With such a radio-immunoassay we can detect as
little as 15 pg of thymine dimers.

The serum does not reaect at all in the indirect immunofluorescence tech-
nique (IFT) on non-irradiated rat liver cryostat sections, but shows a bright
fluorescence when the IFT is performed on UV irradiated sections. Absorption
studies confirmed the findings with the acetophenone-irradiated DNA. Absorp-
tion was only possible with pyrimidine dimer containing nucleic acids. This
specificity was used for the study of the disappearance of dimers from nuclei
of cultured UV-irradiated human amnion cells. The cells were grown on cover-
slips and irradiated with 300 ergs/mm?. The fluorescence of cells, immediately
fixed after irradiation, was compared to that of cells incubated up to 4 hours
after irradiation. It was clear that 4 hours after irradiation no nuclear fluores-
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cence could be seen. The sensitivity of this method does not allow us to deter-
mine the exact quantity of removed dimers, but approximately !/, of the
dimers initially present will remain undetected. It could be seen that there
is clear fluorescence of the cytoplasm after 4 hours, which may indicate that

UV irradiation (ergs/mm? x 107%)
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the excised dimers have moved into the cytoplasm. This would mean that
after 4 hours there are more dimers present in the cytoplasm than in the
nuclei. It is possible that they oceur in the cytoplasm as large oligonucleotides,

so that by examination of whole cell extracts they should be found in the
TCA precipitable fraction.

Axtont: Thank you, Dr. Lucas. Please, any more comments? Dr. KRAMER.

KriAMER: I have not worked with xeroderma patients, we are concerned
studying physico-chemical alterations of DNA upon longwave ultra-violet
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irradiation : however, Dr. BEck has worked on desoxy-ribonucleases in xero-
derma patients. As far as I remember, Dr. Beck, you found four different
DNases in normal persons. Would you please give us some details.

Beck: We used the modified micro-technique of Boyp and MiTcHEL to
separate skin DNases of healthy persons and from xeroderma patients. We
used erude extracts and after electrophoretical separation, we incubated the
gels at pH 5. We have seen in the skin homogenates of healthy persons 4
bands of DNases, and in those of xeroderma patients in one case 3 bands
and in another case only one band with enzymatic activity. A colleague of
mine, Dr. ZOLLNER, has looked for the excretion of DNases in urine and
he has seen in urine of xeroderma patients a significant decrease of two bands
of DNase activity.

Boorsma: What type of nucleases were they?

Beck: We don’t know if these nucleases are endo- or exonucleases.

Krimer: Dr. REgAN, in your system upon 313 nm irradiation, was the
molecular weight decreased, or was it increased ?

REeGAN: Decreased. It apparently causes an alkaline-sensitive bond in
the BUecontaining DNA.

Krimer: Did you find more single-strand breaks?

REcAN: Yes!

Krimer: We used LaMora’s experimental conditions [Lamora, A. A. and
T. Yamane, Proc. Natl. Acad. Sci. (Wash.) 58: 443 (1967)] of 313 nm
acetophenone-sensitized thymine dimerization at doses where all neighboured
thymine residues were dimerized. Beside dimers we also found single- and
double-strand breaks. The ratio of dimers to single-strand breaks was 100:1
in the sensitized reaction, and 25:1 in the unsensitized control. Dr. LINDAHL
found that there are about 100 nucleotides eut out and inserted per one dimer
by the repair system.
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REecax : That number is very close to what we estimate. With the BU tech-
nique we estimate about 80 nucleotides inserted per repaired region.

Kriver: Couldn’t it be possible, that endonucleases are not necessary for
the whole repair system?

Recan: You suggest that an enzyme is not necessary to make the initial

nick ?

Krimer: Yes, maybe, because there are enough single-strand breaks there.
This has been measured by us with a number of methods independent from
one another, such as light scattering, sedimentation coefficient and viscosity
measurements and X-ray low angle scattering.

REcAN: You know, with 100 ergs you get something like one dimer every
1.8 = 108 daltons of DNA and 509, or so of these are excised in the first 12 or
24 hours. I don’t think that 100 ergs would make a strand break 3.6 =108
daltons,

Krimer: Dory and others [Morosox, H. and P. ALexaxper: Radiat. Res.
I4: 29 (1961); AvLeExa~per, P. and H. Moroson: Nature 185: 678 (1960);
MarMmur, J., W. F. AxpeErsonN, L. MarrHEews, K. BeErxs, E. GAJEWSKA,
D. Laxe and P. Dory: J. Cellular Compl. Physiol. 58, Suppl. 1: 33 (1961);
Morosox, H. and P. ALexaxpgr: Proe. Third Int. Congress of Photobiology,
Copenhagen 1960; p. 604] reported that it needs relatively high doses of high
energy UV to put single- and double-strand breaks into DNA; however, we
found that this occurs quite easily upon low energy UV irradiations.

OrMEROD: If breaks were inserted into DNA at random after UV irradiation,
the cell would have to degrade its DNA extensively in order to excise an
appreciable number of dimers. Dr. REcAN has estimated that only 80 bases
are inserted for each dimer removed. It follows therefore, that the breaks must
be: introduced close to a dimer. An endonuclease which is specifie for UV-
irradiated DNA has been isolated from Micrococcus luteus [Karraw, J. C,
S. R, KvusuaNer and L. Grossman, Proe. Natl. Acad. Sci. (Wash.) 48: 240
(1967)].

KriMER: According to our results, which are published in » Photochemistry
and Photobiology « [14: 515 (1971)], there is no correlation between thymine
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dimerization and strand-breaking reaction. We do not know if the strand
breaking occurs predominantly in the close neighbourhood of dimers.

OrmeroD : There might be a few breaks put in by some other process but,
if you calculate what is happening in the cell, you are forced to conclude that
breaks are introduced specifically adjacent to a dimer.

CHANDRA: The system described by Dr. REcax and the acetone-sensitized
reaction are completely different, though both the systems incidentally involve
the use of 313 nm. Our own studies have shown that in the acetone-
sensitized reaction, doses which inactivate the survival of bacteria to more
than 999, do not cause strand breaks in DNA. However, the use of this wave-
length in connection with BUdR is to me very interesting. It is known from
earlier studies that the irradiation of BU-labelled DNA at 313 nm leads to
debromination and formation of uracil. On the other hand, many authors have
reported double-strand breaks in BU-labelled DNA on irradiation. Have you
tried to look on these processes in your studies?

REcax: No, we have not done any studies using **Br and we have not
looked at double-strand breaks.

Stravss: I would like to return to the question of whether single-strand
breaks are induced by UV. It seems to me that the enzymatic data published
by Grossman and his collaborators [KapLaN, KusHNER and GROSSMAN:
Biochemistry 10: 3315 (1971)] eliminates that possibility. They prepared DNA
extensively labelled with 2P and heavily irradiated this DNA with UV light.
They showed that the #P became sensitive to phosphomonoesterase treatment
only after treatment of the irradiated DNAwith a UV-endonuclease. Further-

more, they showed that exonuclease from Micrococcus luteus only degraded
this DNA after prior endonuclease action. It therefore seems unlikely that
there could be extensive phosphodiester bond breakage induced by UV even
at high doses.

Lucas: It has recently been published by Burr and Brext [BBRC 43:
1382 (1971)] that a UV DNA specific deoxyribonuclease can be isolated from
HelLa cells. Therefore we don’t have to refer to the Micrococcus system, we
can refer to the mammalian system.

SLor: Can you tell us something about the UV DNA-specific DNase? We
have observed that enzyme under the conditions described in the BBRC paper
[Burt, D. H.: Biochem. biophys. Res. Commun. 43: 1382 (1971)] and indeed
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found that it does not degrade native DNA while it degraded UV-irra-
diated DNA. Hoping that this is the DNase missing in xeroderma we
checked our cells and found them to have the same level of activity as in
HeLa cells. That made us think that, may be, this enzyme is not UV DNA
specific, as reported earlier. The DNA used as substrate was heavily irradiated
by UV, and it may have caused partial denaturation of DNA because of many
n:mspeniﬁu breaks in the double-stranded DNA. Indeed, when we checked the
enzyme on single-stranded DNA it was about six times more active than on
the heavily irradiated UV DNA. This is contrary to the UV DNA-specific
DNase in bacteria which does not attack denatured DNA. Using DNA that
was irradiated with UV at a dose of 500 ergs/mm?2, the above enzyme did not
show any activity at all. We feel that the UV DNA-specific DNase deseribed
in HeLa cells is actually a DNase specific for single-stranded DNA. The fact
that the enzyme was active on the heavily irradiated UV DNA at very
alkaline pH’s can be explained. At alkaline pH’s the heavily UV-irradiated
DNA is easily denatured to single-stranded DNA fragments. Using acrylamide
gel electrophoresis, we have identified several DNases from HelLa cells, one
of which resembles the above enzyme. It did not degrade native DNA or
lightly irradiated (UV) DNA, but it degraded both, denatured and heavily
UV-irradiated DNA.

KriAMER: I again want to refer to the loops you are talking about, the
so-called loops originating from the thymine dimers. They must be very small
in fact, and so, even with our very unphysiologically highly dimerized system
we could not see them in the gross conformation. And we do not find very
much effects of them on many properties of DNA. 1 cannot imagine that
there are big loops. With our results we could not confirm the concept of
large denatured or melted regions in the neighbourhood of dimers [PEarson,
M. and H. E. Jouns: J. molec. Biol. 20: 215 (1966)]. The double helix appears
to be tremendously stable, at least, as far as its gross conformation is concerned.

Krerre: As far as I know the chromosomes from higher organisms contain
rather large amounts of histones, and recent results show that at least 509,
of the DNA is completely covered by these basic proteins. The question then
arises: how does the repair machinery recognize these proteins?

REeGan: In discussion this morning someone mentioned studying unsched-
uled synthesis in mitotic chromosomes. This would indicate that repair can
occur in highly condensed chromosomes.
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OrMEROD: Yasmiy and Yuxnis [Exp. Cell Res. 59: 69 (1970)] have shown
that the condensed heterochromatin in mouse cells contains most of the sat-
ellite DNA. Dr. PainTER has reported that he finds more »repair replication «
in highly repetitive DNA compared with the normal DNA. A comparison of
these results indicates that the condensed state of the heterochromatin does
not interfere with »repair replication «.

NormaN: There are some data which suggest a dissociation of histone from
DNA in the irradiated regions.

CHANDRA: Most of the time we discussed about the pyrimidine-type of
dimers but we know of many other photo-products, e. g. aminoacids and pyri-
midine-bases. Is there any work regarding the nature of the repair of such
products?

PaixTeEr: First of all I want to say that Kexpric Smite’ [The biological
importance of UV-induced DNA protein cross-linking in vivo and its probable
chemical mechanism. Photochem. Photobiol. 7: 651 (1968)] so-called UV-
induced protein-DNA bound material is difficult to reproduce. That is you get
more one time than you do another. It’s a specific kind of binding which has
something to do with protein release with detergents and has nothing to do
with covalent bonds. Now, there is a publication by Toxt Hax, that came
out about a year ago, where, after high doses, he claims that there are about
50 times as many UV-induced DNA protein links as there are dimers. These
are all repaired apparently.

STRAUSS: Dr. PETRUSIK working in Chicago (PETRUSIK, R., PhD thesis 1971)
has some in-vitro results which should be mentioned. She demonstrated a
dose-dependent covalent binding between ribonuclease and DNA induced by
visible light in the presence of Acridine Orange. The binding was measured by
a progressive reduction in the density of DNA on irradiation of a mixture
of the substances. Although the in-vivo significance of protein-DNA binding
may not be known, the possibility of its occurrence is clearly demonstrated.

Fox: In relation to what Dr. REcAN was saying: What is the current
situation with regard to dimer excision in different cell types? It occurs to
some extent in human cells, and less in rodent cells. Is this true?

Recaxn: We have just completed survey of this. We worked with about
35 or 40 cell lines. The highest amount of excision, which ranges between 409
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to 709, is in human cells. The chinese hamster cell lines we have examined
shown up to 409, excision. This excision data is in addition to the BU assays
which are in close agreement with the dimer assays.

BovLe: Is this with excision measured 24 hours after irradiation?
REGAN: Actually we have done various times, 12 hours, 18 hours, 24 hours.

Lucas: Dr. REcaN, what exactly was the remark that only after UV irra-
diation at dosages less than 200 ergs/mm? excision could be found ? Furthermore,
I would like to ask you if anything is known about the size of the excised mole-
cules. Does the size bear any relation to the dose of UV irradiation? Is there
a possibility that you miss part of the excised molecules because they are too
large ?

Reaan: That the dimers are in the TCA insoluble piece?
Lucas: Yes!

REGAN: We have done some gradients to separate these out and showed
this isn’t true. We think the explanation is that you have some absolute num-
bers of dimers excised no matter what the dose. So if the dose is 50 ergs you
get very efficient excision, and if it is 400 ergs you get a very small percent
excision.

Normax: Dr. BoorsMa, it’s several years since CLEAVER first pointed out
that there is defective repair in xeroderma pigmentosum. What is the role of
such defective repair in disease?

Boorsma: This is a difficult question to answer. The distance between the
molecular defect and the clinical symptoms of xeroderma is broad. Many
still unknown factors might have an influence. Studies of CLEAVER and others
[DNA repair and radiation sensitivity in human (xeroderma pigmentosum)
cells. Int. J. Radiat. Biol. 18: 554 (1970)] have shown that cultivated cells
from xeroderma patients are more sensitive to ultraviolet light in terms of
cell survival than cells from normal persons. This might be related to the
cellular atrophy found in the skin of xeroderma patients. The relationship
between defective repair and carcinogenesis is still a matter of speculation.

SLoRr: I would like to pose a question concerning the xeroderma pigmento-
sum subject. The inability to repair UV-damaged DNA explains the extreme
sensitivity of xeroderma pigmentosum individuals to sunlight. But what is
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the relationship between the inability to repair UV-irradiated DNA and the
development of various types of carcinomas? Can that be explained as a
result of an increased rate of mutations including some that lead to the develop-
ment of carcinomas? Could it be caused as a consequence of the thymine-
dimers which are known to be mutagenic?

How can one explain the skin pigmentosum in xeroderma patients exposed
to sunlight? What has that to do with a missing specific endonuclease activity ?
Could the pigmentation be explained as an autoimmune response of the cells
to the UV-irradiated DNA? Can anyone comment on this?

Juxa: I have no explanation for your question but I would like to comment
a side problem from the clinical point of view and the histological one. In
xeroderma pigmentosum one can observe leukoplakia with multiple transi-
tions into basal cell and squamous cell carcinoma. Furthermore also melanoma
and one case with leucaemia were found as well as the following mesodermal
tumors: fibrosarcoma, angioma, fibroma, neurofibroma, histiocytoma and
hamartoma. The essential characteristics of the tumor formation in X.P. are
first the occurrence of multiple tumors and second the variety of the cell

types.

MouTox: I would like to hear some comments on the recent finding reported
in the literature according to which xeroderma pigmentosum cells contain
ENA-dependent DNA polymerase. Does this implicate the presence of an
RNA virus in these cells?

CHANDRA: I think Dr. MouToN means the recent report of Professor Zanx’s
group [Biochem. biophys. Res. Commun. 44: 433 (1971)]. They have reported
that the normal human skin does not contain reverse transcriptase, whereas
skin from xeroderma patients shows the reverse transcriptase activity. How-
ever, our own observations and the results of Toparo’s group find this activity
in normal skin. I do not know the reason for the contradictory results.

Recan: Dr. Toparo's group [Scorwik, E. M., S. A Aaroxson, G.J.
Toparo and W. P. Parks: Nature 229: 318 (1971)] has reported that normal
cells have the reverse transcriptase. With regard to Dr. Normax's remark
about the nature of xeroderma pigmentosum, a paper was published by
Lutzner’s group [Burk, P. G., M. A. Lurzner, D. D. Crarke and P. H.
Rossins: J. Lab. clin. Med. 77: 759 (1971)] that showed normal unscheduled
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synthesis in a patient with xeroderma pigmentosum. CLEAVER [CLEAVER, J. E,
and G. H. Taomas : Biochem. biophys. Res. Commun. 36: 203 (1969)], I believe,
examined the cells of this patient and confirms this result and we have the
culture of that patient and have done the BU assay with this patient and he
is quite within the normal range. A number of pathologists examined this
patient and were in complete agreement that this was a classical case of xero-
derma pigmentosum at pathological level. As to Dr. SLor’s comment, there
is a precedent for more than one enzyme being affected by a single recessive
mutation. This is work of Dr. Kroorn [Krootn, R. 8.: Cold Spring Harbor
Symp. Quant. Biol. 24: 189] on orotic acid uria. He showed that two enzymes
in pyrimidine synthesis were affected in the disease, and he postulated that
this was a mutation in a regulator gene.

Lucas: Regarding the question of Dr. Nogmax I should like to add that
for a tumor to develop it is perhaps necessary that an impairment of ecellular
immunity occurs. What I mean is that one should not try to causally correlate
the deficiency of one enzyme to the occurrence of skin tumors.

Pamwter: I only want to comment on Dr. REGAN's comment about xero-
derma pigmentosum patients having normal repair. It is not only true for one
patient but there are now three known patients. These are patients who have,
everybody agrees, xeroderma pigmentosum. When levels of repair are measured
by all the ways available they are normal and the cells have the same sensitivity
to UV light as normal cells. So even the xeroderma pigmentosum thing is
getting quite muddled.

SLOR: You may have a few identical phenotypic expressions that are caused
by different genes. It could be that several genetic defects can lead to xeroderma
pigmentosum phenotypes. As to Dr. Boorsma’s paper, I think he has a sensa-
tional finding that those two types of xeroderma are controlled by two dif-
ferent genes. This is contrary to the belief of many vears that both types are
the same disease having different manifestations of the defective gene.

Normax: One of the marked properties of cancer is that the incidence is
an extremely strong function of age. I think it increases with something
like the seventh power of age. Perhaps the higher risk of cancer in older people
is due to a failure of the lymphocytes; but to my knowledge none of the age-
associated effects demonstrated in lymphocytes has shown anything like a
seventh power dependence on the age of the donor. Nevertheless, 1 favour
as a model for cancer the collapse of the surveillance system, rather than an
increased mutation rate due to defective DNA repair.
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Fox: Can I follow what Dr. NorMAX is saying about tumor cells. After all,
lots of us have been working with cells in culture and looking for repair replica-
tion. I am essentially using tumor cell lines, and my own observations with
the Yoshida tumor cells are on cells taken from the ascites tumor and growing
in vitro. So they are essentially the same cells as those which grow as an ascites
tumor in the animal. Within this system we have two cell lines which have
very different UV sensitivities, but they are both tumor cells and equally will
kill the animal. So I don’t know that we can relate differences in repair to
anything to do with the production of tumors at the moment.

Lucas: Do they only grow in the autologous system?

Fox: The Yoshida tumor is normally grown in an outbred strain of Wistar
rats, There is an antigenic response to the tumor but as far as we can tell,
the antigenic response to the sensitive and the vesistant one is the same.

PamxteEr: 1 just want to make a comment about this discussion on the
relationship of repair to cancer induction. It was obvious from the very first
that there is no simple relationship. The first demonstration of unscheduled
DNA synthesis was in Helia cells which are tumor cells. In xeroderma there
is some correlation in most individuals — what that mechanism is between
the failure to repair and the final disease state is very complex. So I think at
this stage it is ridiculous to try to make correlations between repair levels
and cancer induction.

BoyLE: Since we have touched on some genetics, I would like to question
the evidence that polynucleotide ligase is involved in repair. One would
expect that if it really were, then ligase mutants should be sensitive to ir-
radiation. The mutants of phage T4, which have been examined, show at best
only a small increase in UV sensitivity. A mutant of K. coli isolated by E. C.
PavriNg is temperature sensitive for UV survival supposedly due to a defect
in the ligase. But the in-vitro activity of the ligase extracted from this mutant
is not temperature sensitive. So it seems to me that the genetic evidence for
the involvement of ligase in repair is rather poor.

ParxtTeR: Is it not considered that a cell probably cannot exist without
a ligase because we cannot isolate mutants with defective ligase?

BovLEe: Yes, that is why they are isolated under conditionally lethal condi-
tions, generally as ts or amber mutants, and one looks at the survival of ts
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mutants at temperatures which are nearly restricting. The UV sensitivity of
this cell is temperature dependent, but the activity of the extracted ligase is

not temperature dependent.

OxasakI: I think some of them are sensitive but even at low temperature
it has a very low specific activity.

Krepre: I just want to make a comment on the T 4 ligase. It has been shown
that the E. coli host ligase can substitute for T4 ligase when the host DNA is
not attacked by the phage-induced endonuclease II [Wanxgr, H. R.: J. Virol.
7: 534 (1971)].

RoperTs: Can 1 carry on with the last remark Dr. REcA¥ made on what
he told of the mechanism of break reduction by two carcinogens. Did you say
you get intercalation, or did I misunderstood you on this?

REecaw: With certain carcinogens we get quite a lot of BUdR incorporated
after the damage. We get a model that is like UV repair.

AveErBiECK: 1 would like to ask Dr. Juxnc a question. Are there any indica-
tions for a recombinational type of repair system ?

Juxe: We tried to copy the defect of the so-called pigmented xerodermoid
in normal skin by adding caffeine (see Fig. 3, p. 104).

PainTeER: At least two groups have shown that post-replication repair does
oceur in the mammalian cells. There are some problems involved in the post-
replication repair in Chinese hamster lines. There were indications that it
might be the basis for a difference in UV-sensitivity between two Chinese
hamster lines, but experiments by HuMpHREY s group indicate that it is not.

REegan: Mr. SteveN BuHL [Biophys. J. (In press)], a graduate student in
my laboratory, has shown in human cells a kind of post-replication repair.

AxToNI: Any more comments, questions? If not I would like to appreciate
very much the speakers for their presentation and the contributors for having
had a very lively discussion. Thank you so much.
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Our studies on the mechanism of DNA replication during the past few
years have demonstrated that DNA replicates in the cell by a discontinuous
mechanism, whereby DNA is first synthesized in short pieces and these pieces
are subsequently joined. The studies have also suggested (a) that common
functions are needed for DNA replication and repair, and (b) that the newly
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Fig. 1. Models for the possible structure and reaction in the replication region of DNA.

replicated portion of DNA may be a site which has a high sensitivity to muta-
genic agents and in which chromosomal deletion takes place frequently.

It had been inferred that semiconservative replication of DNA occurs as
shown in Fig. 1 (A), by continuous growth of two daughter strands in the
5 — 3" direction on the one hand and the 3" — 5" direction on the other.
Obviously, this is not the only possibility. In 1964, we began our investigation
to explore the possibility that one or both strands of DNA replicate dis-
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continuously as shown in Fig. 1 (B-D). The following predictions are made
from the models of discontinuous replication: (a) The nascent portion of
daughter strands, selectively labelled by a brief radioactive pulse, will be
isolated as short DNA chains after gentle extraction and denaturation. (b)
An enzyme which joins preformed DNA chains will exist, and if one inhibits
the function of this enzyme the newly synthesized short chains which normally
exist in a small amount will accumulate in the cell. (c) The direction of synthesis

of DNA chains in vive is exclusively 5" — 3"
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Fig. 2. Alkaline sucrose gradient sedimentation of pulse-labelled DNA from T4-infected
E. coli B.

The first prediction was confirmed by the pulse-labelling-alkaline sucrose
gradient sedimentation experiments in a number of bacterial and phage
systems, including various E. eoli strains, B. subtilis, Pseudomonas BAL (31),
phage T4, T7, ¢80, P2 and PM2 (1, 2, 3, 4). Fig. 2 shows, as an example, the
results with T4-infected E. coli. Cells actively synthesizing phage DNA were
exposed to *H-thymidine for various times at 20°, and DNA was extracted
and analyzed by alkaline sucrose gradient sedimentation. After a two-second
pulse the radioactive label incorporated was recovered almost exclusively in
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a DNA component with a sedimentation coefficient of 95. After longer pulses,
the radioactivity was found also in fast-sedimenting material. The radioactivity
in the » 98 ecomponent « increased quickly and reached a maximum in 30 seconds,
while that in the fast-sedimenting component increased almost linearly. These
results and pulse-chase experiments indicate that the 98 DNA is an inter-
mediate in the formation of large DNA. h

Radioactivity (10° c.pm./0.1ml )

Distance from top

0 20 40 60 B80S

1 i L e —

Fig. 3. Alkaline sucrose gradient sedimentation of radioactive DNA from T4 #s B20
(ligase-deficient mutant)-infected cells pulse-labelled at 1 min after temperature shift
from 20 to 43° C.

As to the second prediction, the predicted enzyme, DNA ligase, was dis-
covered in uninfected and phage-infected K. coli in 1967 (5-11), shortly after
our finding of the nascent short DNA. The test if the nascent short DNA
chains accumulate upon inhibition of ligase function was performed using
temperature-sensitive ligase mutants of T4 (3, 12, 13). Fig. 3 shows such an
experiment. Cells infected with a temperature-sensitive ligase mutant at 20°
were transferred to 43° during active phage DNA synthesis and 1 minute later
pulse-labelled with 3H-thymidine. The 95 DNA accumulated and its size
increment was greatly inhibited. If the temperature was shifted down from
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43 to 30°, joining of the accumulated short chains took place (Fig. 4). Similar
observations were made with three independently isolated DNA ligase mutants
of . coli by Pavrivg, GELLERT and Hirosk and their coworkers (14, 15, 16).

The T4 nascent short DNA chains found under steady-state conditions and
those accumulated during ligase inhibition anneal equally with the separated
complementary strands of phage DNA, indicating that these chains consist

of complementary components (17).
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Fig. 4. Effect of incubation at 30° C subsequent to pulse-labelling at 43° C on the sedimen-
tation pattern of radioactive DNA from T4 {5 B20-infected cells.

The results presented up to this point indicate that in the T4 system the
discontinuities exist in the nascent portion of both daughter strands and that
joining of the short segments is carried out by DNA ligase. However, it can
still be argued that DNA strands may be synthesized continuously and selec-
tive nicks introduced in the newly synthesized portions by some specific
nuclease. This possibility would be eliminated, at least for one of the strands,
if one could definitively verify the third prediction, that is the exclusive
5 — 3’ synthesis of DNA.

This was achieved by labelling the growing ends of the short chains and
determining the location of the label in the molecules. T4 nascent short DNA
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labelled at the growing ends with *H and those labelled wholly with 1C were
prepared as shown in Fig. 5. One culture was pulse-labelled for 6 seconds with
*H-thymidine at 8° and another culture for 2.5 minutes with “C-thymidine.
(Case A shows the situation expected when the short chains of both strands are
produced by discontinuous synthesis in the 5 — 3 direction. Case B is the
situation one should expect when the short chains are produced by continuous

Case A Case B

IH-thymidine W W
bBsec at 8° k
; N3
+
YC-thymidine N
25min ut' g° k

(C) (W) (C) (W)
5 3 B 3 5’ 3 5 3
— R ———n e
+ + + +
Fig. 5. Preparation of T4 nascent short chains labelled with *H and those labelled uniformly

with 1,

synthesis followed by nicking. After DNA extraction, the *H- and “C-labelled
preparations were mixed and the short chains were isolated by sedimentation.
They are then separated into complementary components, C and W 98 short
chains, by annealing with the W or C strand of phage DNA. ;:

To determine the location of the *H-label in the molecule the mixture of
SH- and 1C-labelled C or W short chains was degraded by E. coli exonuclease I
in the 3° — 5' direction, or by B. subtilis nuclease in the 5 — 3° direction,
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Fig. 6. Degradation of *H- and “C-labelled C and W nascent 95 chains of T4 by E. coli
exonuclease I and B. subtilis nuclease.
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Fig. 7. Degradation of DNA by successive treatment with spleen DNase IT and spleen
phosphodiesterase.




Studies on DNA-Replication Mechanisms 135

and the extent of release of *H was compared with that of “C at various times
during digestion. The results presented in Fig. 6 show that with both
and W short chains, the release of *H preceded the release of (' when the DNA
was degraded by E. coli exonuclease I, whereas the release of ¥C preceded the
release of 3H when B. subtilis nuclease was used (18). Thus 3H label was at
the 3" ends of both the C and W short chains, indicating that both short chains
are synthesized in the 5 — 3’ direction in accordance with Case A.

For further critical test of this crucial point, we examined if the *H label
is present at the 5° ends of the 98 short chain (19). For this purpose a method
was developed for selective isolation of the 5'-terminal region of a DNA chain.
As illustrated in Fig. 7, spleen DNase 11 produces three kinds of oligonucleotides
from DNA terminated with 5-P and 3'-OH: Oligonucleotides with 5'-OH
and 3'-P ends from the internal portion, those with 3'- and 5°-P ends from the
5 terminus, and those with 3'- and 5-OH ends from the 3’ terminus. Spleen
phosphodiesterase degrades oligonucleotide with 5-OH end but does not at-
tack oligonucleotide with 5°-F end. Therefore the oligonucleotide produced by
DNase 11 from the 5-P terminus of DNA will survive subsequent treatment
with spleen PDase, while those from the other portion will be degraded,
permitting selective isolation of the 5'-phosphoryl terminal region of DNA as
oligonucleotide fragments.

In the experiment presented in Fig. 8, the €' and W 98 short chains labelled
at the growing ends with 3H thymidine by 12 sec pulse at 8° and those labelled
wholly with ¥C-thymidine by 2.5 min pulse were prepared, treated successively
with spleen DNase II and phosphodiesterase and subjected to gel filtration
on Sephadex G25. With both C and W short chains, about 109 of “¥C but
virtually no *H was found in oligonucleotide, which was excluded from the
column. Thus the 5 termini of both C and W short chains are not the growing
ends.

It is expected that by increasing the time of *H-thymidine pulse the *H
label begins to appear in the 5" end of the 98 chains at a certain time, and this
corresponds roughly to the time required for the formation of the individual
short chains. As shown in Fig. 9, the H label began to appear in the 5 oligo-
nucleotides about 1 minute after the addition of *H-thymidine. Since the 98
DNA is about 1000 nucleotides long, this suggests that the average chain
growth rate at 8° is about 20 nucleotides per second. Fig. 10 shows the results
of similar experiments at 14°, which support the conclusion that the direction
of chain growth is 5 — 3" and that the time required for formation of individual
98 short chains at 14° is about 10 seconds, suggesting a chain growth rate of
about 100 nucleotides per second. The elongation rate of the short DNA chains
revealed by these experiments is 100 times faster than the in-vivo chain growth
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Fig. 8. Sephadex G25 gel filtration after spleen DNase 11 and phosphodiesterase treatment
of *H- and “C-labelled C and W short chains of T4. Pulse-labelling at 8° C.
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Fig. 9. Sephadex (25 gel filtration after spleen DNase I1 and phosphodiesterase treatment
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rate of mRNA and rRNA as well as that of DNA polymerization in vitro by
isplated DNA polymerase.

The fact that all of the three predictions have been confirmed leaves little
doubt that DNA replicates in the cell by a discontinuous mechanism. Recently,
however, WERNER (20) argued that the nascent short pieces might be an
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Fig. 10. Sephadex G25 gel filtration after spleen DNase II and phosphodiesterase treat-
ment of T4 98 short pieces labelled with pulse of *H- and “C-thymidine at 14° C,

artefact of the thymidine pulse, which would produce a disturbance of deoxy-
~ nucleotide metabolism and be preferentially utilized for DNA repair. His argu-
ment is mainly based on his results that with a3H-thymine pulse little nascent
pieces were found, and the amount of radioactivity found in small DNA
increases with time in the beginning. Since his results are completely different
from those we had obtained with *H-thymine pulse some time ago, we reinves-
tigated this point. In WERNER's experiments, K. coli 15TAMT incubated in the
presence of thymine at a density of 2 x 10 cells/ml was exposed to *H-thymine
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at 14°. In our experiments, cultures (5 X 10® to 10° cells/ml) of E. coli 15TAMT
and P 3478 (pold-) or T4 td8-infected K. coli JG 116 (thy~) in medium contain-
ing 11 to 160 uM (1.4 to 20 pg/ml) thymine were pulse-labelled by the addition
of 1 uM 3H-thymine under physiological steady-state conditions. *H-thymine
was purified before use to remove impurities which obscure the implication of
the results. As shown in Figs. 11-15, essentially the same patterns of alkaline
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Fig. 11. Alkaline suecrose gradient sedimentation of DNA of E. eoli 15TAMT growing
on 14 M thymine and pulse-labelled with 0.2 M *H-thymidine or 1 pM 3H-thymine
at B L,

sucrose gradient sedimentation of radioactive DNA were obtained with the
*H-thymidine and *H-thymine pulses. More than 75%, of the label was found
in slowly sedimenting DNA after a brief 3H-thymine pulse, and the portion of
the radioactivity found in this fraction decreased with an increase of pulse time.

Another basis of WERNER’s argument is his finding that when E. coli B/r
grown in heavy medium is transferred to light medium and then pulse-labelled
with *H-thymidine, labelled short and long DNA chains exhibit an intermediate
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density. We performed similar experiments with . coli B/r, JG 116, and P 3478,
Cells were grown in heavy (¥N,D,0) medium and pulse-labelled with *H-
thymidine at a physiological cell density. The results were again totally dif-
ferent from those of WerNER. Figs. 16 and 17 show the experiments with B/r.
There was little DNA synthesis immediately after density shift so that in the
experiment of Fig. 16 the amount of DNA synthesized in the light medium
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Fig. 12. Alkaline sucrose gradient sedimentation of DNA of K. coli 15 TAMT growing on
thymine and pulse-labelled with *H-thymine at 14° C.

before the pulse-labelling corresponded to only a few per cent of the amount
of heavy DNA. In the experiment of Fig. 17, the amount of DNA doubled in
the light medium so that the heavy label was only in the parental strands at the
time of pulse-labelling. It is evidently shown by CUsCl density gradient analysis
of the labelled short and long DNA chains that the *H-thymidine pulse under
our standard conditions labels the replicating portion of the daughter strands.
Essentially the same results were obtained with *H-thymine pulses.
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Fig. 13. Alkaline sucrose gradient sedimentation of E. coli P3478 (pol Al) DNA pulse-
labelled at 14° C.
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Fig. 14. Percentage of *H-thymine label in short chains at various times of pulse-labelling
of E. coli 15TAMT and P 3478.
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The results presented up to this point support strongly that both strands
of E. coli and T4 DNA are replicated discontinuously. The same appears to
be true of A and T7 DNA (21, 22, 23). There is, however, suggestive evidence
that one of the two DNA strands of P2 phage as well as B. subtilis might be syn-
thesized discontinuously (23). As shown in Figs. 18 and 19 after brief H-thymi-

T4D-infected E.coli B TétdB-infected E.coli JGNET
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T T 1 —=— L] T T
* Ssgec ?.EII ¢ Gsec
+ @ 30sec @ 30sec
a EEEE‘C E'LE_I -] Eﬂ5E¢
I o 30'0 sec E.? o aﬂﬂ sec
3 . [ <

Radioactivity (10%c.p.m./ml)

0 20 40 605

Fig. 15. Alkaline sucrose gradient sedimentation of replicative T4 pulse-labelled with
H-thymidine (0.5 uM) or H-thymine (13 uM thymine + 1 xM *H-thymine) at 8° C.

dine pulse of P2-infected cells only about a half ot the labelled DNA sedimented
slowly (99)in alkali, and the rest was found in a fast sedimenting fraction (348).
As shown in Table 1, the 98 and 34S DNA annealed predominantly with
the isolated »L« and »He strand of phage DNA, respectively, indicating that
the discontinuity in the replicating P2 DNA exists predominantly (or ex-
clusively) in the »H« strand.

It would be worth noting that the movement of the replicating fork appears
to be bidirectional in E. coli, 4 T4 and T7 (24, 25, 26, 27) while it is unidi-
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rectional in B. subtilis and P2 (28, 29). It is possible that bidirectional rep- !
lication somehow requires a two-strand discontinuous mechamism or a certain
degree of symmetry of discontinuous synthesis.

Assuming that DNA in fact replicates by a discontinuous mechanism in
vivo, one of the important questions to ask is how the discontinuity of the

Heavy medium Light medium
(1Smin)

3‘?!‘

(30min)
—

I0sec
1000+ Short chain ~4000
500-
0
I0sec
1000 Large chain = 4000
500 -2000 H1
0-s -0 -0

10 20 30 &0
Fraction number

Fig. 16. CsCl equilibrium density gradient centrifugation of DNA of E. eoli Bfr pulse-
labelled with H-thymidine shortly after transfer from heavy (*N-D,0) medium to light
medium.

Table 1. Asymmetry of discontinuous replication of P2 DNA.

a1 Unfractionated Short chains Long chains
Pulse-labelling H: L H:L H:L
10 sec at B° 1:1 17 : 1 1:13
5 sec at 20° 1:1 17 : 1 1 :11
15 sec at 207 1:1 23 : 1 1L: 9
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chain growth is controlled, that is, what is the mechanism of initiation and
termination of synthesis of the sreplication unit«. An intriguing possibility is
that there are initiation and/or termination signals on the template strands.
The signals could be special base sequences, unusual bases, interruption of
phosphodiester linkages or unusual secondary structure. The mean size of the
unit of discontinuous synthesis appears to correspond to the estimated aver-
age size of the cistron. This suggests that the replication unit might be the
cistron and that the ends of the cistron might be the initiation and termina-
tion points in the discontinuous synthesis. Alternatively, the size of the seg-
ment synthesized by one continuous act of polymerase might be determined
primarily by the intrinsic nature of the replication apparatus.

Heavy medium Light medium

370 {95min)
(dpml
1000~
500~
D P ey
I0sec
2000~ Short chain

20 30 L0 50
Fraction number

Fig. 17. CsCl density gradient centrifugation of E. coli Bfr DNA pulse-labelled with *H-
thymidine following a long incubation in light medium after transfer from heavy to hight
mediam.
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Some insight into such problems would be obtained by experiments with
E. coli mutants deficient in Kornberg DNA polymerase isolated by Cairxs (30)
and others. E. coli P3478, the first mutant of this kind, produces short DNA
pieces as do the wild-type cells. However, as shown in Fig. 20, the joining of
the short pieces is about 10 times slower in the mutant than in the parental
and revertant strains (32). Fig. 21 shows that the same is true of E. coli R15,
a mutant which was isolated by KaTo and Koxpo (33) originally as an X-ray-
sensitive strain and later found to be deficient in DNA polymerase. As shown
in Table 2, while DNA polymerase activity of extracts of P3478 and R15 was
extremely low, these strains had a normal level of DNA ligase activity. It was

1 I | | I I || 1 1
el 10 sec | © 10sec
e 0 sec ® 0 sec
@ B0sec
o180 sec

""."
!

Radioactivity { 10%c.p.m./ml)
[ % ]
1
|

Raodioactivity (10% cpm./ml)

Cushion

Fig. 18. Alkaline sucrose gradient sedimentation of P2 wviri-infected cells pulse-labelled
with *H-thymidine at 20° C.

Table 2, DNA polymerase and ligase activity in extracts of various E. coli strains.

e Polymerase Ligase
Strain | (units/mg of protein)

£ 1264 |
W3110 | 1.6 3
P3478 0.04 . 10.5
P3478R 2.6 6.4
B/r30R | 1.6 .

K15 ! 0.04 7.5
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also ascertained by density shift experiments that the short DNA pieces of
these mutants are newly synthesized chains in the nascent portion of daughter
strands. These results suggest that DNA polymerase I normally functions in
joining the short segments synthesized by the replication complex, possibly
by filling gaps that may exist between the segments. The function of this
polymerase (DNA polymerase I) for »gap filling « may be dispensable for rep-
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Fig. 21. Alkaline sucrose gradient sedimentation of DNA of E. coli H/r30R (pol*) and
R15 (pol~) pulse-labelled at 30° C.

lication of K. coli chromosomes, because it could be partially replaced by
some other enzyme, possible candidates being DNA polymerase IT and III,
recently isolated by several investigators (34-36), and a product of recA gene.
In any event, in the DNA polymerase I-deficient mutants the discontinuity
appears to persist in a large portion of the daughter strands corresponding to
as much as a few per cent of the entire chromosome, as shown in Fig. 22.
Although the polymerase I-deficient mutants grow, they exhibit several
abnormal properties (30, 33, 37-45). These abnormalities may be attributed
to this »amplification of the newly replicated state «. Single-stranded DNA is
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Fig. 22. Possible structure of the newly replicated region of normal and DNA polymerase
I-deficient cells.
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Fig. 23. A possible mechanism of chromosomal deletion in the newly replicated portion,
which would occur at a high frequency in pol— cells.
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Fig. 24. In-vitro synthesis and Jmmng of short DNA chains in the membrane fraction
prepared by lysozyme-Brij-EDTA treatment from E. coli B/r30R.
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more sensitive to X-ray, ultraviolet light and other mutagenic agents than is
double-stranded DNA. Thus, the high sensitivity of the mutants to these agents
could partly be due to the increased single-stranded sections in the parental
strands, although the high sensitivity may largely be due to the decreased
ability to repair the lesion in DNA produced by these agents. It is noteworthy
in this connection that the replicating region is the site most sensitive to the
action of a mutagenic agent (46).

The increase in the frequency of deletion mutations could also be due to
the persistence of gaps in the daughter strands and the single-stranded sections
in the parental strands. One possible mechanism for chromosomal deletion
involves the formation of a loop in a single-stranded section in the parental
strands that results in joining of the daughter strand segments without filling
the gaps (Fig. 23).

The discontinuity of the daughter strands will have a lethal effect if the gaps
are not filled and the daughter segments are not connected before that portion
of the DNA becomes the template in the next cycle of replication. The replica-
tion of certain small plasmid or phage DNA may become abortive in the
absence of DNA polymerase I, because of the incomplete joining of the
daughter segments before the subsequent cycle of replication. Whatever the
detailed mechanism is, the participation of DNA polymerase I as well as ligase
in joining of the newly replicated DNA segments encourages the idea that
common mechanisms are involved in DNA replication and repair.

Analysis of the detailed mechanism of discontinuous replication will be
facilitated by the development of in-vitro systems which carry out this reac-
tion (31, 47, 48). Fig. 24 shows the in-vitro synthesis and joining of DNA
pieces in the membrane fraction of K. coli B/r30R prepared by lysozyme-
EDTA-Brij treatment.
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The Relationship of Repair Mechanisms to the Induction
of Chromosome Aberrations in Eucaryotic Cells*

BERNARD 8. STRAUSS

If a population of HEp.2 cells is allowed to attach to a plate and is then
treated with methyl methanesulfonate (MMS), the progeny cells observed
after several days have an extremely heterogeneous morphology as compared
to populations of untreated cells. Particularly striking are the colonies contain-
ing only a few cells, many of them of peculiar shapes (Fig. 1; Mygrs and
STrAUSS, 1971). Such observations are common enough and similar cellular
abnormalities are observed after treatment of cells with ionizing radiation
(Topp, 1968).

In measurements of cell survival, clones are counted only if they contain
some minimal number of cells. Giant cells, and colonies containing only a few
cells, are not counted since we ordinarily define »viability « as the capacity
for indefinite proliferation at the normal rate. However, the existence of micro-
colonies made up of cells which divide for a time and then stop, shows that
peell death « does not mean cessation of metabolic activity or even the loss
of the ability to divide. Furthermore, as Berrt (1971) has shown, repair of
X-ray-induced damage may occur in one or several of the cells in a microcolony
after the first division has taken place. The initial damage is therefore only
»potentially lethal «.

Therefore, to understand the nature of the damage induced in cells by the
alkylating compounds we must study events that oceur well after the treatment.
Furthermore, replication of the nuclear DNA does not demonstrate that the
cell will continue to divide indefinitely. Cells must be studied for several
generations after the original treatment to find out the molecular basis for any
eventual failure to replicate. In this paper I will describe some experiments
done in my laboratory by Dr. M. CovyLE and myself on DNA replication and
repair. I will then outline some speculations about the relationship between

* These studies were supported in part by grants from the National Seience Founda-
tion (GB 8514), the National Institutes of Health (GM 07816) and the Atomic Energy
Commission (AT [11-1] 2040).
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Fig. 1. Morphology of HEp. 2 cells 4 days after treatment with MMS. Cultures on Petri
dishes were fixed overnight with Carnoy’s fixative and stained for 20 min with toluidine
blue. Photomierographs were taken at x 50. All photographs are reproduced at the same
magnification. A: clone of sixteen cells from control culture; B: doublet from a eulture
treated with 4 x 10-3M MMS; C: clone of four cells from a culture treated with
2 % 10*M MMS; D: clone of eight cells from a culture treated with 2 x 103M MMS.
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abnormal replication and the production of chromosome aberrations. Finally,
I will discuss the question: » What kills cells after treatment with alkylating
agents? «

We use methyl methanesulfonate as a paradigm of a monofunctional alkylat-
ing agent. Recently we have also used propiolactone because of the report by
Furupa and Yamamoro (1970) that f-propiolactone inactivated her— strains
of Salmonella typhimurium more rapidly than the wild-type. This observation
implies that, in some organisms at least, alkylation damage might be recog-
nized by the excision repair system for UV-induced damage. However, our
experiments with Bacillus subtilis (Fig. 2) indicate that although a UV-
sensitive mutant is slightly more sensitive to propiolactone than is its normal
allele, the difference is small and not comparable to the difference in response
to propiolactone of MMS-sensitive and resistant strains. Our data with B.
subtilis agree with those of Fukupa and Yamamoro (1970) in indicating that
most propiolactone-induced damage is recognized by those systems which
detect MMS-induced damage. Since the MMS-induced damage recognized
by cells is primarily the induction of single-strand DNA breaks (Prakasu
and Stravss, 1970), propiolactone treatment must also result in the induction
of breaks in the DNA of B. subtilis. However, although I use the term »alkylate «
in this paper interchangeably with »methylate ¢, it should be understood that
different monofunctional alkylating agents might induce different responses
in the target organism,

We have recently published our observations on the failure to replicate of
DNA made by HEp.2 cells immediately after treatment with MMS (CoyLE,
McManoN and Stravss, 1971) and I will merely summarize our results. We
used the following protocol: HEp.2 cells were treated with MMS and then
incubated for one hour with tritiated thymidine. The isotope was removed and
fresh medium substituted. After 22 hours, medium containing BUdR was ad-
ded and incubation was allowed to proceed for an additional 48 hours. DNA
was isolated from these cells and subjected to density gradient centrifugation
through CsCl. This experimental design resulted in the labelling of DNA made
after alkylation. Replication of this newly made DNA was indicated by its
transfer to the hybrid region of the gradient. We distinguished between repair
and semiconservative replication by experiments based on the protocol of
PeErTIdoHN and HaxawarT (1964). Cells were alkylated and then incubated with
H BUdR. Repair synthesis is indicated in such an experiment by incorpora-
tion of isotope into DNA which centrifuges in the light density region of a CsCl
gradient. Repair synthesis was also measured as the hydroxyurea-resistant
incorporation of thymidine into DNA because of the reports that this inhibitor
(HU) does not interfere with repair synthesis (CLEAVER, 1969). (There is,
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however, recent evidence that HU may inhibit the joining of breaks produced
in the course of excision repair (BEx-Hur and Ben-Isnaz, 1971). Finally, we
measured the degradation of DNA into fragments of about 20S by the method
of Hirt (1967) which depends on the precipitation by 1 M NaCl of large DNA
molecules attached to cellular constituents. All our experiments have been
carried out with cells attached to the surface of Petri plates. This methodology
removes cells which are immediately killed by treatment sinee such ecells round
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Fig. 2. Inactivation of Bacillus subtilis by f-propiolactone and by ultraviolet light

(insert). Overnight eultures were suspended in fresh medium and an equal volume of

0.026 M f-propiolactone in salt-solution was added. The cultures were incubated at 37° C

with shaking for the time indicated and then plated on a synthetic medium. Cultures were

irradiated as indicated with a UV-germicidal lamp for determination of ultraviolet

sensitivity. Open circles: strain 101, normal sensitivity ; closed eireles: strain 124, exeision
defective ; half-closed eireles: strain 118, MMS-sensitive.
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up and detach from the surface of the dish. Treatment at high MMS concentra-
tions results in the separation of sheets ot cells from the surface of culture
dishes.

HEp.2 cells treated with MMS or with propiolactone ecan incorporate
thymidine immediately after treatment although the amount of thymidine in-
corporated is decreased. Most of our experiments have been carried out at
doses which reduce incorporation to about 509,. DNA is synthesized by HEp. 2
cells immediately after alkylation by both semiconservative and non-semi-
conservative modes (Fig. 3). The exact proportion of repair synthesis depends
on the dose of alkylating agent (Table 1). Only a portion of the DNA synthe-
sized immediately after treatment goes through an additional round of replica-
tion (Fig. 4) and, as expected, this proportion is lower at higher doses of
alkylating agent. A large proportion of the DNA which does not replicate is
made by semiconservative synthesis as shown by the following series of ex-
periments:

1. Much of the newly formed DNA is eventually degraded and can be found
as fragments of about 205 in the Hirt supernatant (Table 2). Therefore, we
were able to use the Hirt supernatant as a source of the newly formed DNA.

2. The DNA formed after alkylation and found in the Hirt supernatant did
not replicate since it was not transferred to a hybrid density in a density
transfer experiment (Fig. 5).

3. This DNA, found in the Hirt supernatant, was made in large part by semi-
conservative synthesis as demonstrated in a Pettijohn-Hanawalt type
density transfer experiment (Fig. 6).

The results obtained with propiolactone were indistinguishable from those
obtained with MMS in that only a portion of the DNA made immediately
after alkylation replicated. This similarity is expected in view of the similarity
in the response of repair-deficient bacteria to MMS and to propiolactone. We
have no idea what proportion of the twice replicated DNA made after treat-
ment with MMS or propiolactone goes through additional divisions, although
the experiment of MyERs and Strauss (1971) suggests that much of the DNA
replicated twice does not replicate a third time.

A different result is obtained when alkylated cells are incubated before
addition of radioactive thymidine. Almost all of the thymidine incorporated
five or twelve hours after alkylation with 2 mM MMS replicated when cultures
were transferred to BUdR-labelled medium (Fig. 4, 7). However, at higher
doses of MMS, newly formed DNA was not transferred to hybrid even when
12 hours intervened between alkylation and *H TdR incorporation (Fig. 8).
This indicates that the failure to observe a non-replicated light density peak
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Table 1. DNA synthesis in the presence of 5 mM hydroxyurea.

MMS concentration Time of S HTdR Acid precipitable Fraction of
(= 10°M) pulse after MMS (e.p.m.) uninhibited
(hr) incorporation
(1} -1 158 0.024
2 416 0.23
3 o068 0.56
0 2.5-3.5 187 0.026
2 209 0.062
3 317 0.15
0 5-6 237 0.024
2 245 0.058
3 2064 0.13

Table 2. Degradation of DNA as determined by the Hirt procedure.

Set Inhibitor Time Ratio of acid-precipitable
incubated radioactivity :
(hours) supernatant

pellet

1. Control 4 .08
MMS - 2 mM 4 0.06
Control 24 0.09
MMS - 2 mM 4 0.38

2. Control 10 0.14
HU - 2.5 mM 10 .16
Control 24 0,08
HU - 2.5 mM 24 0.17
Control 48 0.21
HU - 2.5 mM 48 0.72

3. Control 24 0.08
FUdR-0.1mM 24 (.46
Control 48 0.146

FUAR-0.1mM 48 1.52
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Fig. 3. Effect of hydroxyurea on *HBUdR incorporation. HEp. 2 cells were preincubated
for 2 hours in medium with 5 ug/ml BUdR in the presence of 10-*M FUdR. They were
then treated for 60 min with 2.5 x 10-*M MMS in BUdR containing medium plus 10-*M
FUdR and 5 x 10-*M hydroxyurea where indicated. The MMS was removed and the
cells were incubated for 60 min in medium containing *H BUdR (0.95 Ci/mM; 5 ug/ml)
plus FUAR or for 120 min in medium containing *HBUdR plus FUdR and hydroxyurea.
Clortetracycline (10 ug/ml) was added at the start of incubation with BUdR and was
present throughout the experiment, but the cells were grown in the absence of other
antibiotics.

{a) Control, no MMS; (b) MMS-treated; (c) control plus hydroxyurea; (d) MMS-treated
plus hydroxyurea. Filled circles, radicactivity; open circles, absorbancy at 260 mu;
sequares, density (o) as ealeulated from refractive index.
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in the cultures treated at a lower dose was not an artefact due to failure of
damaged cells to incorporate thymidine after incubation or to loss of damaged
cells by detachment from the plate. We interpret these observations to mean
that repair occurred in the period between treatment of cells with MMS and
the addition of thymidine. According to this idea, DNA made from a damaged
template is abnormal, so that cells containing such DNA cannot reproduce
indefinitely. On the other hand, if DNA replication is delayed until repair
is complete, the replicated DNA is normal and replicates normally. If this
hypothesis is correct, a treatment which delayed DNA synthesis while permit-
ting repair should lead to increased survival of cells. The observation of BerLri
(1971), that incubation of cells in buffer (even after some cell division) led to
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Fig. 4. Replication of the DNA synthesized by HEp. 2 cells after alkylation. Cells were
treated with 2 mM MMS for 1 hour and then incubated with *HTdR (5 uCi/ml, 3 Ci mM)
for one hour either immediately (center) or twelve hours after treatment. After an ad-
ditional incubation for 21 hours in unlabelled medium following incubation with *HTdR
they were incubated in medium with unlabelled BUdR (5 pg/ml) for 48 hours. DNA was
isolated and subjected to centrifugation through a CsCl gradient as described in the text.
Dotted line: absorbaney at 260 mg; solid line: radicactivity in e.p.m. The slanted line
indicates density (p) as determined from refractive index.
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increased cell survival, is in accord with our hypothesis. BELLI's observation
is reminiscent of the phenomenon of sliquid holding recovery« in bacteria
(Harm, 1966); bacteria maintained in buffer after treatment show increased
survival over bacteria placed immediately in a medium in which growth is
possible. Furthermore, my hypothesis implies that cells should be most sensitive
to alkylation in late (1 or S periods since the time of repair should be minimal
at these stages. These are just the periods at which Chinese hamster cells are
most sensitive to N-methyl-N-nitrosoguanidine (NTG) (Barranco and Hum-
PHREY, 1971). Since repair deficient bacterial mutants respond to NTG in the

I T | T T T T | |
2mM MMS
+—s DNA from whole cells 't
0.257 o-- o DNA from Hirt supernatant M
I
]
0.20- 4 5
E ] i
: | b
3 0.15- A% E
£ i -1.78
3 [ i
S 0.10+ -170
5 I
o
i 0,054 B
0

: .
5 10 15 20 25 a0 35 &0 55
Fraction number

Fig. 5. Density (p) distribution of DNA from whole cells and from the Hirt supernatant

after incubation in BUdAR. HEp.2 cells were treated with 2 mM MMS for 1 hour, la-

belled with *HTdR (5 pCi/ml; 3 Ci/fmM) for an additional hour, incubated in unlabelled

medium for 22 hours and then in BUdR (5 pg/ml) for 48 hours. The DNA was purified

and eentrifuged to equilibrium through a CsCl gradient. Closed cireles and solid curves:

DNA preparation from whole cells; open cireles and broken line: DNA from Hirt super-
natant. Slanted lines: density (o) caleulated from refractive index.

same way as to MMS (HiLr, PrRakass and STrauss, 1972) this observation
implies that repair of alkylation-induced breaks is minimal in late 1 and
S phases as predicted.

A simple explanation for the failure of DNA synthesized by alkylated cells
to replicate is that such DNA contains breaks and deletions. Deletions when
segregated into daughter cells are lethal when homozygous; the breaks result
in DNA fragments which become lost because they are not attached to a cen-
tromere. Death then results from the genic imbalance associated with mono-
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somy. This hypothesis depends for its explication on a discussion of the strue-
t-ur{:hand mode of replication of eucaryotic chromosomes.

Despite the interest of biologists in the chromosomes, we really know very
little about their structure. It is still possible to argue whether one, and only
one, Watson-Crick double helix runs the length of each chromosome (WoLFF,
1969). In spite of some cytological evidence to the contrary (loc. cit.), the
simplest way to account for the facts of genetics is to assume that a single
DNA molecule is coiled so that it fits into, and extends the length of, the
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Fig. 6. Distribution of density of *HBUdR-labelled material in the Hirt supernatant as
compared to cellular DNA. HEp. 2 cells were pretreated with BUdR (5 pg/ml) for 2 hours,
treated with 2 mM MMS in the presence of BUdR, labelled with *HBUdR (5 pgfml;
0.95 CifmM) for 1 hour and chased with unlabelled BUdR (5 pg/ml) for an additional
3 hours. The cells were ineubated 21 hours in unlabelled medium, eolleeted and a cellular
DNA and Hirt supernatant DNA were prepared and centrifuged to equilibrium in a
CsCl gradient. Solid eircles: radioactivity from whole DNA; open circles: radioactivity
from supernatant DNA; slanted lines: density (o) as caleulated from refractive index.
The total radioactivity was normalized for the comparison.
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chromosome. I assume that chromosomes do not contain slinkers« (non-DNA
material inserted into the DNA to define sections) but it is possible that there
are single-strand breaks, alkali-labile bonds, or even peculiar sequences of
bases present to signal the start of special regions.
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Fig. 7. Replication of the DNA synthesized by HEp.2 cells 5 hours after treatment with

MMS. Cells were treated as indicated in the protocol (top of figure). Conecentrations and

conditions were as in the legend to Fig. 4. Top: control; middle: treatment with 2 mM

MMS; bottom: treatment with 3 mM MMS. Closed circles: radioactivity; open circles:
absorbancy at 260 mu.
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Jven if it is true that the eucaryotic chromosome is essentially a single long
DNA molecule, it must be different in kind from the »gendphore« (Ris and
Kupia, 1970) of the procaryotes: repetitious DNA (Brirrex and Konxe,
1968) is a peculiar characteristic of eucaryotes; the DNA is differentiated into
heterochromatin and euchromatin ; there is the centromere which is, or contains,
DNA but which does not divide with the rest of the chromosome at the time
of the first meiotic division; and there are numerous independently replicating
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Fig. 8. Failure of DNA synthesized 12 hours after treatment with 3 mM MMS to replicate
further. Protocol as described in the legend for Fig. 4 except that treatment was with
3 mM MMS for 1 hour.

units (replicons) in each chromosome. Each bacterial chromosome or episome
normally has only one initiation point for replication. Measurement of the
duration of the S period in eucaryotes and determination of the rate of DNA
synthesis by either autoradiography or density transfer makes it clear that the
amount of DNA present in eucaryotes can only be replicated if there are many
replicating units so that synthesis can proceed simultaneously from a variety
of points in each chromosome. This multiplicity of replicating points makes



The Relationship of Repair Mechanisms 163

DNA replication in eucaryotic organisms different from the process in pro-
caryotes. Replication within a molecule requires a »swivel point« often sup-
posed to be a single-strand break at the point of origin. Multiple initiation
points require multiple »swivels«. Synthesis of most replicons must stop at
some point other than the end of the chromosome. This means that the DNA
must remain in a » Y « configuration until the adjoining replicon has completed
its replication (Fig. 9). These processes are not understood in eucaryotic cells

Replication of a section of chromosomal DNA containing two replicons
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Fig. 9. A possible mode of replication of chromosomal DNA.

and this deseription may therefore be incorrect, but it seems inevitable that
some sort of discontinuity should exist in replicating DNA.

An unrepaired single -strand break in a procaryotic cell probably stops DNA
replication completely and leads to cell death. The great sensitivity of rec-
and exr— mutants to alkylating agents and to radiation indicates the lethal
effect of unrepaired breaks in procaryotes. On the other hand, breaks in DNA
do not appear to be immediately lethal to eucaryotic organisms. Cells with
aberrations, including breaks, do synthesize DNA and reach mitosis. A simple
scheme can account for this ability of eucaryotic cells to produce chromosome
aberrations. Semiconservative DNA synthesis, if it could continue in DNA
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containing breaks, would convert a single-strand break into a scission, ir-
reparable by simple excision repair (Fig. 10) since replication would remove
the complementary DNA strand required to serve as a template for repair.
DNA repair after replication must require a more complex series of events in
order to restore the unbroken continuity of the DNA chain (Rupp and
Howarp-FLaxpERS, 1968).

I think that the nature of DNA replication in the eucaryotic chromosome
accounts for its ability to synthesize a relatively complete complement of DNA
from a template containing breaks. DNA replication at each replicon may
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Fig. 10. Interpretation of the relationship between the formation of chromatid breaks
and the replication of broken DNA molecules.

start at a site attached to the nuclear membrane (Cominas, 1968). Individual
replicons may be active separately and the chains may grow either in one direc-
tion or in two as proposed by Hupgrmax and Ricas (1968). I assume that the
incomplete chromosome is held in position by the attachment sites (Fig. 9)
until the replicons are joined together. Upon completion of adjoining replicons,
i.e., at the completion of DNA synthesis, dissociation from the attachment
sites can take place and the newly replicated chromosome can condense in
preparation for mitosis.

Treatment of cells with alkylating agents results in a variety of lesions,
but I assume that the significant change for the production of chromosome
aberrations is an unrepaired single-strand break. Breaks in the DNA of alky-
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lated cells will result from the depurination and chain breakage that are the
inevitable consequence of alkylation. Methyl groups added to DNA by MMS
are not recognized as damage by B. subtilis and are replicated, even though
the cells do contain an enzyme which recognizes methylated DNA (PrRAKASH
and STrAuUss, 1970). Furthermore, alkylation damage per se is not excised by
the UV-repair system, since UV-sensitive B. subtilis, unable to remove pyrimi-
dine dimers, is hardly more sensitive than the wild-type to NTG, MMS or
propiolactone (Fig. 2). It seems likely that it is the apurinic sites and single-
strand breaks which are recognized as damage and repaired by bacteria.
Eucaryotic cells presumably behave in the same way, except that their time
scales are different. The half-life for depurination of methylated DNA is about
150 hours at 37° C (LAWLEY and Brooxkes, 1963) and while this corresponds
to many bacterial generations, it may correspond to only 6 eucaryotic cell
generations.

I assume that the single-strand break acts as a block to replication along
the strand in which the break occurs. Unless the break is repaired before the
replication complex reaches the site of the break, there will be a gap in replica-

Replication of DNA with single-strand breaks
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Fig. 11. An interpretation of the origin of DNA fragments as a result of the replication
of DNA containing unrepaired single-strand breaks.
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tion between the site of the break and the next replicon (Fig. 11). This single-
strand gap will eventually result in a chromatid deletion.

An alternate hypothesis is based on the observed ability of single-strand
breaks to make DNA an efficient template for DNA polymerase and on the
observation of BIiLLEN (1969) that irradiation of K. coli produces new initiation
sites for DNA replication. This hypothesis supposes that each break serves as
a new initiation site for DNA synthesis and also predicts the production of
chromatid breaks as aresult of replication along a damaged template but does not
predict the production of deletions. We have tested this hypothesis as follows:
HEp. 2 cells were incubated for 2!/, hours in medium containing *H TdR, chased
30 min, treated with MMS in BUdR-labelled medium and then incubated
3 hours in fresh medium with BUdR. If new initiation sites were created in the
newly synthesized DNA by treatment with MMS, and if these new sites were
active in the S period under way, labelled hybrid DNA should have been detect-
ed. No label was detected in the hybrid, but a great deal of radioactivity was
found at an intermediate density of about 1.712 in both treated and control
cells. Such intermediate density DNA may indicate the elongation of growing
chains. Although not decisive, this experiment suggests the use of the first
hypothesis which does not require the initiation of new chains at single-strand
breaks (Fig. 11). Furthermore, there is evidence that a gap along a single strand
of DNA is the result of the replication complex passing a pyrimidine dimer
(IvEr and Rupp, 1971).

According to the hypothesis shown in Fig. 11, chromosome replication will
continue in alkylated cells throughout the S period, except that the more
breaks induced, the smaller will be the amount of new DNA synthesized since
the number of gaps between breaks and the ends of replicons will depend on
the dose of alkylating agent. At the conclusion of S, the chromosome will
separate from the attachment site as indicated in Fig. 9. This particular model
(Fig. 11) prediets a single-stranded, non-replicated region at the end of each
Iragment. Such a region might be removed by nuclease action or might serve
as the basis for the pairing needed to produce more complex aberrations.

It is possible to compare some predictions of the hypothesis with data on
the yield of chromosome aberrations following alkylation af cells. For example,
it 1s clear that if there are no breaks at the time the replication complex
passes the once damaged region, no aberrations can occur. The maximum yield
of aberrations should therefore oceur when cells are treated in S since cells at
this stage will not have a chance to repair the damage. Evans and Scorr
(1969) have made a series of relevant observations on the induction of chromo-

some aberrations in Vicia faba treated with nitrogen mustard. These investiga-
tors showed that:
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1. Structural changes were produced by nitrogen mustard only when the cells
carried out DNA synthesis - DNA synthesis was necessary for the production
of aberrations.

2. Only chromatid type aberrations were induced by nitrogen mustard in
contrast to the chromosome tiype aberrations characteristic of cells exposed
to ionizing radiation.

3. At the first mitosis after treatment, chromatid aberrations were observed
in cells exposed in G1 and S periods but not in G2.

4. Cells treated in G1 contained chromatid aberrations at the first mitosis,
but the frequency observed was less than half that observed in cells treated
in 8, indicating the action of some »repair « process.

5. For all cells, the frequency of aberrations seen at the second mitosis after
treatment was higher than at the first; cells treated in G2 gave visible aber-
rations at the second mitosis; cells treated in G1 or S gave a higher fre-
quency of aberrations at the second mitosis.

Our observations on DNA replication parallel the observations of Evans
and Scorrt (loc. cit.) so closely that it is difficult to suppose that the same
process was not being studied in different ways. DNA made immediately after
alkylation fails to replicate. DNA made a period of time after alkylation does
replicate and repair synthesis occurs in the interval. 1 assume that the DNA
made immediately after alkylation can be identified with the DNA involved
in chromatid breaks and that the DNA contained in a chromatid fragment
does not replicate. The observation that cells treated in G2 gave visible aber-
rations only at the second mitosis is also understandable since a single-strand
break at the time when the chromosomes have doubled will not yield a DNA
scission until the next DNA replication, and such a break would show up only
at the second mitosis. The observation of Evaxs and Scort that a higher
frequency of aberrations was observed in the second mitosis after treatment
of cells in G1 or S may reflect the accumulation of chain breaks from alkylated
sites.

This way of picturing chromosome breaks can be extended to include breaks
caused by agents which inhibit DNA synthesis. If synthesis of an already
active replicon continues in the presence of an inhibitor such as hydroxyurea
or FUdR, and if new replicons are not initiated as the amounts of precursor
diminish, growing points will remain for longer periods in the replicating DNA.
If such growing points are particularly susceptible to nuclease action, scission
of DNA will result from prolonged incubation with inhibitor (Fig. 12). On the
chromosomal level, such nuclease action would result in the »shattering « of
chromosomes, as observed during inecubation with hydroxyurea (Yu and
SINCLAIR, 1968).
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Fig. 12. An interpretation of the origin of DNA fragments as a result of incubation with

inhibitors of DNA synthesis.

Our observations with the inhibitor of DNA synthesis, hydroxyurea (HU),

can be used to illustrate this hypothesis. We found (CovyLe and Stravss, 1970)
that:

¥

2

HEp.2 cells incubated in the presence of HU continued to incorporate a
small amount of thymidine into nuclear DNA.

. Thymidine incorporated by control ecells sedimented as an aggregate when

lysates of more than 10% cells were placed on an alkaline sucrose gradient
(Fig. 13). A one-hour pulse of thymidine incorporated by HEp.2 cells in-
cubated with HU did not sediment with the aggregate, but rather as acid-
precipitable material of about 278, HU action was reversible if inhibitor was
not present for more than 20-24 hours. After a short additional incubation
without inhibitor, thymidine incorporated in the presence of HU sedimented
with the aggregate. After 24 hours the effect of inhibitor was not reversible.

. After 24 hours incubation in the presence of HU, the DNA synthesized in

the presence of inhibitor was found as small fragments (about 208) in the
supernatant in the Hirt fractionation (Table 2).
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4. Incubation of cells with BUdR in the presence of HU led to the synthesis
of a high proportion of a DNA of density only slightly greater than light
DNA (Fig. 3) suggesting the formation of partially completed chains.
These observations fit the hypothesis of chromosome fragmentation pre-
sented in Fig. 12.; the initial formation of small chains, the conversion into
double-strand scissions, and the incomplete density shift are all in accord
with the hypothesis presented.
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Fig. 13. Sedimentation of incorporated *H-thymidine through an alkaline sucrose gradient.
A. Control: Cells incubated an initial 30 min with *HTdR were incubated an additional
30 min ( O): 2 hours ( 0) or 24 hours ( A) before lysis. B. MMS-treated: Cells treated
with 2 mM MMS were incubated with *HTdR and then an additional 30 min ( O); 2 hours
() or 24 hours (/) before lysis. C. HU-treated: Cells were allowed to incorporate
thymidine in the presence of HU (5 mM) and were then incubated an additional 30 min
( O) or 24 hours (&) before lysis. One set of cells was removed from HU after 2 hours
and incubated an additional 2 hours in HU-free medium ( (). Sedimentation was for
60 min at 20,000 rpm and 20° C in the SW50. 1 rotor of the Spinco L-2 centrifuge. The
gradient was 5-209, sucrose in 0.9 M NaCl + 0.1 M NaOH.

Although the myriad of facts relating to the production of chromosome
aberrations in a variety of organisms can hardly be accounted for by a simple
hypothesis, it seems likely that there is some close connection between DNA
replication and the production of aberrations. On the other hand, it is not
at all clear that chromosome aberrations are responsible for cell death.

At this stage of our work we cannot distinguish between an abnormality
in the DNA which prevents its replication and some cellular abnormality of
treated cells which prevents their entering and completing S periods subsequent
to the first division. It has been suggested (H. Swirr, personal communication)
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that alkylation might affect both chromosomal and mitochondrial DNA but
that the chromosomal DNA might be more readily repaired. Cell death might
then be due to some defect in the mitochondria which showed up only when
preformed mitochondria were diluted by several cell divisions. Although this
hypothesis was proposed as an exercise showing that there are interesting alter-
natives to the idea that cell death is due to nuclear events, it should be noted
that Topp (1968) showed that defective chinese hamster lines resulting from
radiation had no gross alterations in karyotype but did show a reduced oxygen
consumption. Toop (loc. cit.) briefly considered the relationship between these
cells and the »petit « strains of yeast.

This paper began with a description of the abnormal cells observed after
treatment with alkylating agents. Although a large deletion or a chromosome
loss will make any cell genetically abnormal, such chromosomal deficiencies
alone will not account for all cell damage, since defective lines of cells can be
obtained which have no alterations in karyotype (TErasima and OHARA, 1969).
Although we can now begin to account for the production of chromosome aber-
rations on the basis of our knowledge of the interactions of the repair mecha-
nisms with DNA synthesis, it is not at all certain that this knowledge, alone,
is of great help in accounting for the abnormal growth of damaged cells.

Abbreviations
BUdR H-bromodeoxyuridine
FUdR S-fluorodeoxyuridine

H BUAR  tritium-labelled 5-bromodeoxyuridine

*H TdR tritinme-labelled thymidine

HU hydroxyurea
MMS methyl methanesulfonate
NTG N-methyl-N'-nitro-N-nitrosoguanidine
TdR thymidine
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Studies on the Reactivation of Bacteria after Irradiation
with Ultraviolet and Visible Light in the Presence of
Acetone and Furocoumarins™

A. Wacker and P. CHANDRA

Scientific basis for the action of light was recognized at the end of the last
century. This began with the pioneering work of Finsex (1894, 1899), whose
therapeutic use of light, and other photobiological studies, had aroused a
widerspread interest among biologists and physicians. Soon Raas (1900)
reported that light in the presence of a sensitizer damages the living organisms.
This destructive action of light was termed by Raae and his teacher Vox
TarrPEINER as » photodynamische Erscheinung «, or photodynamic action. Thus
the action of light has two aspects: its usefulness and its destructive action.
The recent developments in molecular genetics have made use of light as
srepair « agent for UV damages. This field has astonishingly progressed in the
last ten years. The process by which light repairs UV damages is known as
» photoreactivation «. Our recent results show that in addition to UV damages,
photosensitized damages can also be repaired by light under similar condi-
tions.

Repair of acetone-sensitized damage to bacteria

The electronic mechanism by which pyrimidine dimers are formed when DNA
is irradiated is not yet completely understood. This problem can be attacked
by studying the effects of the excitation energy transfer occurring either
from a sensitizer to DNA or its isolated constituents, or from DNA to a
quencher. Experiments have been performed where acetone, acetophenone and
benzophenone have been used to sensitize the action of light of 315 nm
(Wiruvckr, Marraivs and KraucH, 1967; CHANDRA et al., 1967; LaMora and
Yamang, 1967; Kravcuetal., 1967 ; ELap, KritcErand ScaMinT, 1967 ; WACKER
and CHANDRA, 1967). It has been assumed that the excitation energy transfer

* The lecture was delivred by Prof. P. CHANDRA to whom the correspondence should be
sent.
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which eventually will give rise to a photochemical lesion takes place at the
triplett level (KornuAUSER, HERAK and TRiwagstic, 1968). Since UV light of
315 nm does not excite pyrimidines, it is obvious that the ketone mole-
cule plays the role of transferring energy. In particular, the carbonyl group
is responsible for the photosensitive action. From the fact that the light
of 315 nm is used in these experiments and that the efficiency of photodi-
merization is low these authors (KorNHAUSER, HErAK and TrinassTic, 1968)
conclude that the n-m transitions promote carbonyl groups from S, to the
S, state.
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Fig. 1. Photosensitized dimerization of thymine in DNA. Thymine-labelled DNA was
isolated from E. coli 15T cells. This DNA was dissolved in water (5 optical units/mlf
appx 10® c.p.m.) and irradiated at 315 nm (1.15 x 10° ergs/mm?) in the presence of 109,
acetone. This was applied on an TRC-50 paper (Serva, Heidelberg) and the chromatogram
was run in an ascending manner using 0.1 M acetic acid (pH adjusted to 4.5 with am-
monia) as developer. Ordinate: radioactivity. (A) without acetone, (B) with 109 acetone.

The data of the sensitized reaction experiments show that the photoproducts
in DNA consist almost exclusively of thymine containing dimers. These studies
were carried out by irradiating thymine-labelled DNA, isolated from E. coli
15T~ ecells grown on thymine-(2- ¥C), at 315 nm in the presence of acetone.
Paper chromatography of the hydrolyzed DNA shows a photoproduct, which
on reirradiation at 240 nm gives rise to thymine (Fig. 1).
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These findings suggest a new way to find out the nature of a particular
lesion and its biological significance. Pyrimidine on irradiation by UV light
undergoes several photochemical reactions. As a result, the specific role of
dimers on UV irradiation is not easy to predict. The contribution of the
total pyrimidine dimers, but not the thymine dimers alone, to the biological
damage can be studied by the extent to which they are split by the photo-
reactivating enzyme (SETLOW, 1964 ; SETLOW, 1966), or their excision by the
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Fig. 2. Photosensitized inactivation of E. coli B,_; by acetone and its photoreactivation.

Left panel: irradiation at 254 nm. Right panel: irradiation at 313 nm in the presence

of 109, acetone. Closed symbols: without photoreactivation; open symbols: with maxi-
mum photoreactivation.

dark-repair system (SETLow and CARRIER, 1964). However, using the acetone-
sensitized reaction one can study the biological effects of a particular lesion,
namely thymine dimers, and their susceptibility to repair processes.

The dose-response curves for the loss of colony-forming ability of E. coli
By ; are shown in Fig. 2. The left panel of the curve represents inactivation
at 254 nm, whereas the right panel shows photosensitized inactivation by
acetone at 313 nm. Also included in the figure (open symbols) are the survival
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curves after a maximum photoreactivation (45 minutes at 37° C; the irradiated
culture was diluted to 10-2 before illumination). An obvious difference in
the survival curves for the two types of irradiation is that with irradiation
at 313 nm a plateau of about 0.5%, survivors is reached. For irradiation at
254 nm no such plateau seems to exist. Maximum photoreactivation is lower
after irradiation at 254 nm than after 313 nm. This may not be important
bhecause in the latter case cells are inactivated only to a survival level from
which photoreactivating light restores viability of almost all the cells after
irradiation. Therefore, it seems necessary to explain why the survival after
irradiation at 313 nm does not go below 0.5%,. At least two explanations
are possible: For physiological reasons, a small fraction of the population
a) may be impermeable to acetone, or b) may poussess a greater capability
for dark repair than the rest of population. If the latter were true one might
expect the fraction of survivors a) to become larger if the dark-repair
capacity of the otherwise inactivated part of the population ecan also be
increased (for instance by photoprotection), or b) to become smaller if the
dark-repair capacity of the otherwise surviving fractions is reduced. If the
former were true, one should not be able to alter the size of this fraction by
changing post-irradiation conditions. Therefore, the following experiment was
performed using both methods of irradiation.

Cells were inactivated down to about 2 percent survivors, i.e. slightly
above the extrapolation value. Then, maximum photoreactivation was allowed
to take place. E. coli B, , tolerates 109, acetone for several hours without
any loss in viability. But, after irradiation at 313 nm, cells die further if
kept undiluted during photoreactivation at 37" C. This effect is not observed
if the irradiated culture is diluted 10=2 or if undiluted cultures are kept
at 30° C for not more than 15 minutes. Therefore, the latter procedure was
used here.

The cells photoreactivated to a maximum level were reirradiated at the
same dose. This eycling of irradiation and illumination has been repeated
several times. The results of such experiments are given in Fig. 3 for in-
activation at 254 nm and 313 nm, respectively. Closed symbols denote the
inactivation after irradiation at 254 nm or 313 nm, whereas the open symbols
signify the maximum photoreactivation.

It can be seen that, indeed, the influence of irradiation becomes smaller
with increasing doses of light (which serves at the same time as photoreacti-
vating and photoprotective light), so that survival after five successive doses
is better than after the first irradiation. Furthermore, this effect is greater,
and the photoreactivation takes place more readily after irradiation at 313 nm
than after 254 nm. This result is in favour of the hypothesis that survival
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of the fraction in question is due to dark repair. Two other types of
experiments strengthen this hypothesis: When the dark-repair capacity of
E. coli By 5 was further reduced by the addition of acroflavin to the plating
medium, the lower plateau was further lowered; when the more UV-sensitive
strain E.coli By ,, whose dark-repair capacity is much lower as compared to
the one of E. coli B, ,, is used, a lower plateau could not be observed at all.
In this connection it might be of interest that the survival curve for the
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Fig. 3. Alternating inactivation and photoreactivation of E. coli Bg_;. Upper panel: ir-
radiation at 254 nm. Lower panel: irradiation at 313 nm in the presence of 109, acetone.
Closed symbols: after irradiation; open symbols: after maximum photoreactivation.

sensitized reaction after maximum photoreactivation of E. coli B_, is identical
to that for E. coli Bg_,.

The results of these experiments may be summarized as follows: a) The
lesions produced by the sensitized reaction are more uniform in the sense
that the fraction of repairable lesions among all lethal lesions is considerably
bigger than after direct UV-irradiation at 254 nm; b) the lowest triplett
energy level of acetone is higher than those of all sensitizers mentioned above
and is higher than those of all deoxyribonucleotides. Thus, if the sensitizers
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differ in the types of the minor photochemical lesions produced in DNA,
acetone will probably give the greatest variety of photoproducts. Nevertheless,
these can all be repaired by the combination of photoenzymic and dark
repair. Therefore, if acetone can be used to transfer energy from light of
313 nm to DNA to produce lesions which are reversible by the above mentioned
repair mechanisms, the same should be true for other presumable more selec-
tive sensitizers, provided they can enter the cells. In addition, comparisons of
such sensitizers might give more information about the biological effects of
the minor lesions. Since thymine dimers in any case are an overwhelming part
of the lesions, such sensitized reactions allow the study of their effects on
biological activities.

The role of adenosine-3', 5'-monophosphate in the dark-repair process

The reversal of UV-induced biological damage by visible light has been
discussed above. Bacterial cells under a certain set of conditions can repair
the UV damage. The process, known as sdark repair«, is known to involve
a number of enzymes. Bacterial cells highly sensitive to UV light are known
to lack one or several of these enzymes. The first dark-repair system to be
elucidated at the molecular level was the so-called scut and patche¢ or
excision repair system (SETLow and CArRIER, 1964; Howarp-FLANDERS and
Boyce, 1966; Boyce and Howarp-FLANDERS, 1964). These authors have shown
that the dimers are extracted as whole, including the intervening phosphodiester
bond, and that nucleotides were then inserted into the excised region by compli-
mentary pairing with the intact opposite chain, and the broken phosphodiester
backbone was rejoined. Howarp-Franpers and Boyce (1966), as a result of
their studies with uvr mutants, believe that the repair of DNA in the dark ocecurs
in 4 steps: a) excision by an endonuclease of a trinucleotide containing
the pyrimidine dimer or other damaged nucleotides as a unit, b) widening
the gap for a distance estimated to average nearly 500 nucleotides by an
exonuclease acting on a free end of the chain, ¢) repair replication” by a
DNA polymerase, using the intact chain as template, to fill the gap, and
d) joining the phosphodiester backbone after the last nucleotide has been
inserted : an enzyme, DNA ligase, which catalyzes this reaction and has now
been isolated from E. coli and virus-infected (T,) cells.

It is known that the inhibition of dark repair, presumably of an enzymatic
nature, by caffeine and theophylline can cause mutation in bacteria (SHANKEL,
1962) and in mammalian cells (OsTERTAG, 1966). In mammalian system 1t is
also known that caffeine competitively inhibits phosphodiesterase, which rapid-
ly hydrolyzes cyclic AMP to 5'-AMP. This tempted us to examine the role
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of cyclic AMP in the dark-recovery phenomenon of UV-inactivated E. coli
15T~ in the presence of caffeine.

E. coli 15T~ was grown at 37° C for 20 hours in steam-sterilized glucose-

salts medium containing 2 meg/ml of thymine. At appropriate times cells were

“ spun down at 4° C and suspended in 0.149 saline at 107 cells/ml. 5 ml of this

suspension were irradiated with a Hanau UV lamp (Quarzlampengesellsch.

Hanau, Type NN 30/89, main output at 253.7 nm). After irradiation suitable
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Fig. 4. Dark repair of UV-inactivated E. coli 15T~ in the presence of caffeine and cAMP.
Survival of E. eoli 15T in the presence of caffeine (A — A), eAMP ( O— O), caffeine
and cAMP ( A— A) and the control (+— +).

aliquots were diluted with saline after each UV dose and plated on Bacto-agar.
Caffeine (100 meg/ml) was incorporated in Bacto-agar (2.09%,) containing
0.59%, NaCl and 0.8%, nutrient broth, and 100 meg/ml of eyclic AMP was in-
stilled just before plating the irradiated suspension. After incubation at
37° C overnight, cell counts were made to caleulate the percentage survivors
(Fig. 4).

As shown in Fig. 4, caffeine strongly inhibits the excision repair part of the
dark reactivation in E. coli 15T at the UV doses used. This inhibition can be
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reversed by eyelic AMP. A detailed examination of this reversal action of eyclic
AMP has brought to our attention two facts: the sodium salt of cyclic AMP is
not effective in these studies; the effects could be reproduced, also using
E. coli K, only with the cyclic AMP supplied by Boehringer Mannheim
GmbH, Tutzing. Under similar experimental conditions no effect could be
reproduced using the preparation of Zellstoff Waldhof, Mannheim. The only
difference between these two preparations, as mentioned in their respective
catalogues, was that in one of the cases it was Na-salt, whereas the other was
a pure substance. We are now examining this aspect in detail .If it be true,
then one has to consider the differences in the cell permeability of these
preparations.

Recently it was reported that, in vivo (SipErROoPOULUS and SHANK, 1968)
as well as in vitro (SHiMaDA and TAkaGr, 1968), caffeine depresses the excision
of pyrimidine dimers, presumably by binding to the excision enzyme involved
in dark repair. The reversal with cyclic AMP of the inhibition by caffeine in
our experiments indicates that both compounds compete with the phospho-
diesterase-like enzymes necessary for the removal of UV photoproducts,
whereby cyelic AMP binds to the enzyme with a greater affinity than caffeine.

Reactivation studies on bacteria photodamaged by furocoumarins

Furocoumarins constitute a well-known group of naturally occurring and
synthetic substances which, when added to several biological systems and
irradiated at long wavelengths of ultraviolet light, produce various interesting
effects, which are not observed without furocoumarins, orirradiation. These bio-
logical effects are due to a photoreaction between nucleic acids and furocouma-
rins, leading to an inactivation of nucleic acids in molecular biological processes
(CHANDRA and WAckKER, 1966, 1970, 1971; CHANDRA, 1969a, 1969b; Robpr-
GHIERO, CHANDRA and WackER, 1970). The damage done to nucleic acids by
irradiation at 365 nm in the presence of furocoumarins (linkage of a furoeou-
marin molecule to a pyrimidine base forming a C-cyclo-adduet) is of a different
nature to that produced by irradiation in the presence of dyes, i.e. oxydation
of guanine moieties, or in the presence of ketones, i.e. dimerization of pyrimi-
dine bases.

As reported earlier the eycloaddition produet of furocoumarins with thymine
(MusaJo et al., 1967) and with uridine (Kravcn, KrAimer and WAckER, 1967)
can be split by reirradiation at shorter wavelengths. It was therefore interesting
to study the repair of the photodamage by furocoumarins to bacterial cells
irradiating either at shorter wavelengths (photochemical splitting) or by visible
light, under conditions in which photoreactivating enzymes are active in repair-
ing the damage due to pyrimidine dimers.
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The bacterial cells (E. coli B) were irradiated in 1 ecm quartz cuvettes in a
grating monochromator (Bausch & Lomb). After irradiation at 365 nm in the
presence of psoralen (meg/ml = 5) the cells were centrifuged in the cold, washed
with physiological saline and resuspended in the same solution. An aliquot
of this suspension was reirradiated at the desired wavelength (290, 312, 332,
450, 500 and 550 nm) and the percent survival was determined by plating on
agar,

The reirradiation of photoinactivated cells under the above conditions was
ineffective, or the damage was potentiated. To compare these results the photo-
splitting of a psoralen-DNA combination was studied. An aqueous solution of
DNA containing *H-psoralen was irradiated at 365 nm and the DNA was
precipitated to separate it from the non-reacted psoralen. The DNA-*H-
psoralen combination was then reirradiated at shorter wavelengths (334, 312,

Table 1. Splitting of a DNA-psoralen combination (7.5 meg psoralen/mg DNA) by reir-
radiation at various wavelengths,

Wavelength of Radiation dose meg of H-psoralen Splitting
reirradiation (= 10° ergs/mm?) linked/mg of DNA (%)
365 9.1 7.5 —
334 B.6 7.5
312 11.2 7.5 -
254 9.2 7.38 1.50

302 and 254 nm), and the amount of labelled psoralen linked to DNA was
measured after each reirradiation.

As shown in Table 1, reirradiation at wavelengths 365, 334, 312 nm ave
completely ineffective in releasing psoralen bound to DNA. Reirradiation at
254 nm shows a very slight release of the bound psoralen, which increases by
increasing the irradiated dose. However, to achieve a significant release, very
high doses of radiation are needed which, under in-vivo conditions may not be
applicable.

The irradiation of furocoumarins with pyrimidine bases forms a C,-cyclo-
addition of furocoumarins to the 5,6-double bond of pyrimidine bases. Furo-
coumarins can photoreact either with their 4',5"-double bond or with their
3,4-double bond. Moreover, it has been shown (pDALL’Acqua, Marcraxt and
RopeHIERO, 1970) that in photoreaction with DNA a third type of photoadduct
is formed in which one psoralen molecule is linked to two pyrimidine bases.
Thus psoralen in photoreaction with DNA may react both, with 3,4- and
4'-5'-double bonds linking to two pyrimidine bases. This possibility was in-
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vestigated by examining the denaturation and renaturation capacity of DNA.
These studies were carried out with DNA before and after irradiation in the
presence of psoralen, operating under experimental conditions used for the
determination of T,,.

The results obtained with non-irradiated DNA and with DNA irradiated for
1 and 10 minutes in the presence of psoralen are shown in Fig. 5. The denatura-
tion of DNA irradiated in the presence of psoralen takes place at temperatures
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Fig. 5. Denaturation and renaturation curves of DNA. (@—®) Native untreated DNA;
(C—C ) DNA irradiated for 1 min in the presence of psoralen (10 meg/ml); ( O—0 )
DNA irradiated for 10 min in the presence of psoralen.

progressively higher ; moreover, the total percent increase of the optical density
becomes smaller, indicating that after irradiation a fraction of DNA cannot be
denatured (19, after 1 minute and 14.59% after 10 minutes of irradiation).
By decreasing the temperature, renaturation takes place only to a small degree
in the non-irradiated DNA, while after irradiation it becomes more easy. This
behaviour is characteristic of DNA containing interstrand cross-linkings.
Using a molecular model of the double-stranded native DNA (Crystal Structure
Ltd., Bottisham-Cambridge, England) and a molecular model of psoralen on the
same scale, we have studied the various positions that an intercalated psoralen
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molecule ean assume. As pointed out also by CoLg (1970), when psoralen is
intercalated between two stacked base pairs it can assume two different positions
in which it has both the 4',5"- and 3,4-double bonds aligned with 5,6-double
bonds of the two pyrimidine bases of the opposite strands. Therefore, in these
two positions psoralen can form cross-linkings (Fig. 6).

Fig. 6. Projection of a psoralen molecule intercalated between two base pairs in DNA,
Only two thymines belonging to the opposite strands are shown.

Psoralen Angelicin

Fig. 7. Chemical struetures of psoralen and angelicin.

The formation of cross-linkings by psoralen in DNA may contribute to
explain why photodamage by psoralen to bacterial cells is not reactivable by
reirradiation with visible light, i.e. under conditions which usually repair the
damage due to pyrimidine dimers (photoreactivation).

To verify this hypothesis, we have performed experiments to study reactiva-
tion of bacterial cells damaged by irradiation in the presence of angelicin
(Fig. 7). This angular furocoumarin though covalently binding to DNA by
means of a C,-eyclo-addition to the pyrimidine bases, does not form inter-
strand cross-linkings (paLL’Acqua et al., 1971).

We have studied first the possibility of splitting a *H-angelicin-DNA com-
bination under conditions employed for psoralen (see Table 1). DNA-angelicin
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Table 2. Photosplitting of angelicin from a DNA-angelicin combination.
Wavelength of Radiation dose Angelicin linked Splitting
reirradiation (% 10° ergs/mm?) to DNA (meg/mg) (%)
365 15.2 8.30 2,
334 16.0 8.30 -
312 13.5 830 —
202 16.5 T.15 13.8
254 17.3 G.14 26.0
240 15.1 .00 27.7
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combination was prepared by irradiation of an aqueous solution of DNA con-
taining *H-angelicin at 365 nm. Angelicin has a low photoreactivity with DNA,
much lower than that of psoralen; however, after a long period of irradiation,
we obtained a sample of DNA containing 8.30 meg of ®H-angelicin covalently
bound to 1 mg of DNA, which corresponds to 15 angelicin molecules every
1000 nucleotides.

As follows from Table 2 reirradiations at 365, 334 and 312 nm are completely
ineffective in releasing the bound angelicin. However, reirradiations at shorter
wavelengths are able to split the angelicin-DNA combination. This is in contrast
to the observations made on psoralen-DNA combination (Table 1) where
little or practically no splitting was achieved under these experimental conditions.

The conditions used to split the angelicin-DNA combination were employed
to reactivate bacterial cells photodamaged by angelicin. Irradiation at 365 nm
for 40 minutes in the presence of angelicin (10 meg/ml) kills about 989,
population of cells. Aliquots of this suspension were reirradiated at 450, 340, 240
and 290 nm for 60 minutes, and analyzed by plating them on agar. Reirradia-
tion at 450 nm was completely ineffective (Fig. 8), whereas reirradiations at
lower wavelengths were lethal.

Conclusion

1. From the reirradiation of bacterial cells at short wavelengths one may
expect to obtain a photochemical splitting of angelicin molecules bound
to bacterial DNA, followed by a restoration of its funetional activity. The
in-vitro photosplitting of angelicin from DNA, although taking place much
more easily than in the case of psoralen, requires large doses of radiation,
and the more effective radiations are those which provoke a direct damage to
DNA (pyrimidine-pyrimidine dimer formation). We can conclude, therefore,
that the damage produced directly by the short wavelength radiations very
probably is greater than the small repair produced by the same radiations.

2. Reirradiation of bacterial cells with wvisible light is a condition which

activates the photoreactivating enzymes which are able to provoke the
cleavage of the dimers between two adjacent pyrimidine bases formed in
DNA by irradiation with UV light (257 nm).
The lack of reactivation of bacterial cells photodamaged by psoralen and
angelicin indicates that the interstrand cross-linking of psoralen is of no
importance in this process. The true explanation lies very probably in the high
specificity of photoreactivating enzymes, which are able to split the
pyrimidine-pyrimidine dimers, but not the photoadducts between furo-
coumarins and pyrimidines, even though in both cases the two molecules are
bound by means of a eyclo-butane ring.
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The Distribution of Chromosome Aberrations in Human
Leukocytes after X-Ray Therapy and Myxovirus Infection

S. STENMAN

In the present paper results are reported on the cytogenetic effect of virus
infection in vitro of lymphocytes from X-irradiated patients. Dose-response
curves of radiation-induced chromosome damage are presented, and the in-
fluence of lymphoeyte kinetics on the frequency of chromosome aberrations
in blood lymphocytes, after partial body irradiation, is discussed.

During our earlier investigations on virus-induced chromosome aberrations,
we observed a morphological similarity between damage of this kind and that
caused by ionizing irradiation and radiomimetic drugs or FUDR. In particular,
chromosome pulverization which was caused by virus treatment and chromo-
some shattering in irradiated or FUDR-treated cells seemed morphologically
similar. Furthermore, this type of treatment also causes less severe damage,
such as chromatid or chromosome breaks and rearrangements (5, 8, 13, 16).
It was therefore thought that chromosome pulverization and shattering are
similar phenomena. To elucidate this we investigated whether there is a
synergism between irradiation and viruses as concerns their ability to cause
chromosome damage. For this purpose we infected phytohemagglutinin-
stimulated peripheral lymphocytes from irradiated patients with different
myxoviruses known to cause chromosome breaks and pulverization (2, 16).

After the project was started we detected that the chromosome pulveri-
zation was not the damage of metaphase chromosomes, as originally believed.
The chromatin fragments of pulverized cells are condensed interphase chromo-
somes, and the change is caused by virus-induced cell fusion, by which
mechanism an interphase nucleus is introduced into the cytoplasm of a meta-
phase cell (16). This results in a premature condensation of interphase
chromosomes which form small fragments instead of becoming morphologically
normal metaphase chromosomes (7). Our finding was therefore to be expected
when we observed that pre-irradiation did not make cells more susceptible
to virus-induced chromosome pulverization. These results are, therefore, not
presented in more detail here.
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The patients were females, 29 in all, radically operated for clinically
unmetastasized cancer of the breast. They were all treated, according to the
same procedure, with X-rays in four fields on the chest, the supraclavieular
and the axillary lymphatic tissue. The treatment was administered in 32
fractions of 300-350 rad each, during approximately 6 weeks, The aceumulated
skin dose was then calculated.

Blood lymphocytes were cultured and chromosome preparations made
according to standard techniques (9). Fifty to one-hundred cells from each
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Fig. 1. Chromatid aberrations after treatment of peripheral lymphoeytes from irradiated
patients with myxoviruses,

culture were scored for chromatid and chromosome aberrations. In the sta-
tistical analysis a chromosome fragment was calculated as one break, a
dicentric or a ring with an accompanying fragment as two breaks, and
tricentrics with two fragments as four breaks.

The patients were divided into two groups. In the first group of 9 patients
the cytogenetic effect of virus infection on blood lymphoeytes from irradiated
patients was investigated. The cells were cultured for 70-76 hours, and during
the last 4 hours they were treated with different myxoviruses. Sendai,
Newcastle Disease Virus (NDV), mumps and measles viruses were used, and
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normal allantoic fluid (NAF) was the virus control because the viruses were
produced on chick allantoic membranes.

From each patient one blood sample was obtained before therapy. Two
blood samples were obtained during therapy, the first after 16 treatments,
i.e. after half the total treatment when the mean accumulated skin dose was
5,570 rad. The second sample was taken at the end of treatment when the
mean dose was 10,540 rad. The results of similarly treated cultures were pooled.

In cultures from unirradiated patients only cells infected with measles
virus had a higher frequency of chromatid aberrations than NAF-treated
control cells (Fig. 1). This difference, however, was not significant. In cultures
made when the patients had received half of the radiation therapy none of
the viruses caused a higher frequency of chromatid damage than observed
in the NAF-treated control cultures. At the end of the therapy, once again
only measles caused a higher frequency of damage than in the control
cultures, but the difference was not significant.

Remarkable in these experiments was that the frequency of chromatid
damage in NAF-treated control cultures increased with the radiation dose.
This is obviously due to the relatively long culture time of 70-76 hours
(1, 8, 18), because in the second patient group no such increase occurred in
cells cultured for only 50 hours.

The cytogenetic effect of virus infection on pre-irradiated cells was thus
antagonistic rather than synergistic as no significant increase in chromatid
aberrations or chromosome pulverization occurred but rather a decrease in
most experiments. This may, however, merely reflect a lowered ability of ir-
radiated and infected cells to enter mitosis.

The results from all virus-treated cultures were pooled when chromosome
damage was scored, because a similar trend was observed in all experiments:
in virus-treated cultures the frequency of chromosome aberrations was lower
than in NAF-treated controls (Fig. 2). This again may reflect a mitotic inhibi-
tion of virus infection in cells damaged by the irradiation.

The second group consisted of 20 patients, and the dose-response after
partial body irradiation was investigated. Blood samples were taken once
before and twice during therapy. The first sample of irradiated cells was taken
randomly before the patients had received 16 treatments, and the second
sample when they had been given an additional 4500 rad of X-irradiation.
The cells were harvested after 50 hours.

The dose-response curves were calculated separately for single-hit aber-
rations (fragments) and double-hit aberrations (dicentries and rings). The
aberration yield was tested by the simplified formula y = bDx (17), but the
coefficient x did not exceed 1 and linear dose-response curves gave better
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Fig. 2. Chromosome aberrations after treatment of peripheral lymphoeytes from irra-
diated patients with myxoviruses.
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The Distribution of Chromosome Aberrations in Human Leukocytes 191

coefficients of correlation. The yield of fragments (Fig. 3) was thus y = 0.022 +
1.68 (+ {}.1'1'} » 10-% % D aberrations/cellrad where D is the accumulated
skin dose in rad (r = 0.82). The yield of dicentries and rings (Fig. 4) was y =
0.0086 4 1.53 (+ 0.15) < 10° » D aberrations/cell/rad (r = 0.83).

The linear yield of double-hit aberrations, dicentrics and rings results from
the fractionated radiation. Treatment was given for ten minutes, with intervals
of at least 24 hours, which by far exceeds the longest calculated »rejoining time «,
~ which is 30 minutes for double-hit aberrations, i.e. the longest time interval
allowed between two breaks which can form an exchange aberration (17).
The response in our experiment is therefore expected to follow the simplified
formula y = nD%, where D’ is the dose of each fraction and n the number of
treatments, since after a single exposure the yield of double-hit aberrations is
proportional to the square of the dose. As D2 is a constant, the response is
linear.

When the chromosome damage was scored as the percentage of damaged
cells, the yield increased until a dose of 6000 rad was achieved, but then lev-
elled off at a plateau of 229, The yield of damage, calculated as aberrations per
cell, continued to inerease above this dose (see above) which indicates that
cells which had been damaged at low dose ranges became proportionately more
damaged at high dose ranges, whereas relatively few new cells got damaged.
Because of this observation we made the following statistical analysis.

It is known that in a uniformly irradiated cell sample cells with different
amounts of chromosome aberrations will have a Poisson distribution (11, 12).
We scored only 50-100 cells from each patient, and we were unable to test
this individually. The results were therefore pooled according to the aceumu-
lated skin dose, and five groups were obtained. The dose ranges of the groups
were 0-2500 rad, 2500-5000 rad, 5000-7500 rad, 7500-10,000rad and 10,000 to
10,800 rad. The number of breaks in each damaged cell was calculated and the
obtained distribution was tested.

The cells did not have a Poisson distribution in any of the 5 groups (Fig. 5).
In all groups there were too many undamaged cells, as well as cells with two
breaks, and too few cells with only one break. This uniform deviation from the
expected distribution suggested that the sample might form a Poisson distribu-
tion if the number of undamaged cells was decreased. This would cause an
increase in the mean and a shift in the expected distribution. Our hypothesis
was, therefore, that part of the undamaged cells had not been irradiated. This
would mean that the examined blood sample contained two populations of
cells: one which had been exposed to irradiation and one which had not. The
cells in the irradiated population could be expected to form a Poisson distri-
bution and we therefore calculated a size (N) of this as follows,
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Fig. 5. Comparison between the observed sample and the expected Poisson distribution
of breaks in peripheral lymphocytes from X-irradiated patients. Pooled results of cell
cultures from patients who had reeeived an aceumulated skin dose of 2500-5000 rad.
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Denote v = x/M, where x is the total number of breaks and M the total
number of damaged cells in the sample. The maximal likelihood estimate 3
of the parameter A (the mean) of the sample N truncated at zero (i.e. the un-
damaged cells are omitted from the calculation) is given by the formula y =
il(1 — e=%). i was calculated by iteration from y which was known. By defini-
tion 1 — x/N, giving the value of N, which is the size of a Poisson distribution
with the same total number of breaks and damaged cells as the observed
sample. The »corrected « number of undamaged cells is then N—M.

[ = Poisson distribution
[]=Corrected observed sample
404 Sample size 104

06 <p <07

204

MNumber of cells

| IIH“_I 1M e
4 0 1 2z 3 &4 5
Number of breaks /cell
Dose range 2500-5000 rad

Fig. 6. Comparison between the scorrecteds« observed sample and the corresponding

Poisson distribution of breaks in peripheral lymphoeytes from X.irradiated patients.

Pooled results from the dose range 2500-5000 rad. The »corrected ¢ sample was obtained

by omitting undamaged eells from the observed sample. The results were tested by the
¥2-test without using the zero class.

In the »corrected « cell samples obtained in this way, only the number of
undamaged cells had changed. Three of these »corrected« samples did not
deviate significantly from a Poisson distribution (Fig. 6), but the samples
between 5,001-10,000 rad did so.

The results show that there is a definite possibility that the blood of the
patients contained cells which had not been irradiated at all. These cells were
scored as supernumerous undamaged cells, and they caused a shift from the
expected Poisson distribution. One explanation for this must be that the pa-
tients were subjected to partial body irradiation. The chromosome damage
observed in the blood lymphocytes, namely, reflects the situation in the
lymphatic tissue of the whole body. After partial body irradiation only the
cells in the irradiated regions are damaged. Cells which are irradiated in the
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blood of this region are relatively few, because probably less than 109 of the
lymphoeyte pool is in the blood (14, 15). In our caleulation the size of the
pcorrected « sample as a percentage of the observed sample corresponds to
the relative amount of lymphatic tissue in the irradiated part of the body as
compared to the total amount of lymphatic tissue. At lower dose ranges this
is 179%,, and at higher ranges about 30%,. The increase is caused by the recir-
culation of lymphoeytes, which causes the damaged cells to move out of the
irradiated region to other parts of the body, while new undamaged cells re-
populate the irradiated lymph nodes. In the »corrected « sample 809 of the
cells were damaged at the higher dose ranges, which indicates that most cells
in the irradiated region had been damaged.

Other factors can also influence the size of the »corrected « samples. Repair
of chromosome damage is important (6), but elimination of damaged cells,
as of normal lymphocytes, also occurs (4, 10).

Our results indicate that the quantitative effect of ionizing irradiation on
the yield of chromosome aberrations in peripheral blood lymphocytes must
vary in proportion with the relative amount of lymphatic tissue irradiated.
Therefore, the size and site of the radiation fields, the length of each treatment,
and the interval between successive treatments, are important factors which
contribute to the variation of the results in different investigations. It is im-
portant to keep this in mind when one attempts to use chromosome aber-
rations of peripheral lymphocytes as a biological measurement for radiation dose.
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DNA-Repair Inhibitors and Carcinogenesis:
Inhibition of Post-UV Irradiation Growth in the Dark of
Tetrahymena Pyriformis by Caffeine and the
Oncogenic Mycotoxin Luteoskyrin

R. F. MovuTon

A simple and reliable method for investigating the in-vivo action of agents
capable of inhibiting selectively (i.e. at sub-toxic levels) the dark repair of
DNA (UV or y lesions) is to compare their action on survival of wild type or
mutants of the same bacterial strain. Mutants with specific DNA sites where
enzymic repair synthesis is blocked (e.g. HCR-, UVR-, EXR~ mutant in
E. coli K;;) are useful for such studies.

The genetic and biochemical data on the action of caffeine (CAF) and iodo-
acetamide on dark repair (UV and y lesions) of E. coli K,, and phage 1 were
reported at the » International Conference of Evian on Radiation Research « (1).

Fig. 1 illustrates the effect of sub-toxic levels of CAF added after UV irradia-
tion of phage A vir, to the growth medium of the infected E. coli K,, wild
(A;;) and HCR- (A,,) strains respectively. It is important that CAF must be
introduced after irradiation, otherwise the irradiated buffer would lead to
UV physical protection as illustrated in Fig. 2.

While using CAF as an anti-vepair (anti-HCR) agent we must not overlook
the possibility that in other systems than E. eoli (2), CAF may act as an in-
hibitor of the phosphodiesterase enzyme, converting cyclic AMP (3, 5°) into
5 AMP. This could enhance the glycogenolytic action of adrenalin as observed
in higher organisms (Fig. 3) (3).

Experiments with CAF and iodoacetamide (4) attracted the interest of an-
other research group in Saclay — in particular Dr. Fromaceor who had ob-
served, independently in vitro, a specific interaction of luteoskyrin with
denatured DNA, in presence of Mg*+, as shown in the next 3 figures.

Fig. 4 shows the peculiar stereochemical structure of luteoskyrin (Ls). It
is chemically a bis-8-hydroxy-anthraquinone, synthesized by Penicillium is-
landicum Sopp which grows on rice (vellow rice).

Fig. 5 shows various modes of interactions of Ls in vitro in the presence of
denatured and native DNA. Complex I shows a specific absorption spectrum
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at 435 nm, reflecting an interaction between single-stranded purine DNA bases
—Mg —Ls (5). No difference is observed if heat-denatured DNA is treated
with hydrazine (i.e. becoming pyrimidine-less), complex I being unaffected.
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Fig. 1. Reactivation of phage 4 vir after UV irradiation of E. coli K., A,; and E. coli K,,,
Alﬁ'!

Fig. 6 shows the stoechiometry of complex I (1 denatured DNA purine base
—1/, Mg*+ equivalent —1 Ls when the — of Mg/Ls is modified). These de-
tailed physico-chemiecal studies are still continued at present in Dr. FrRoMAGEOT’s
laboratory by Dr. P. Puam Vax and J. C. Boungr. Since during the dark re-
pair of UV lesions single-stranded DNA might become accessible due to action
of the endo- and exonucleases, it was tempting to see how Ls would behave
in comparison to the known DR inhibitor CAF.

Preliminary toxicity studies of Ls on HCR* and HCR~- strains of E. coli
K, showed that 10-8M — 104 M of Lsinhibit the growth of non-irradiated cells
if Ls is introduced at the time of inoculation.
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Survival curves of both strains after post-UV treatment with Ls (around
10-5 M) did not reveal the differences expected on the basis of the observation
made previously with CAF under similar experimental conditions. Fig. 7 shows
a lower UV survival for HCR~ strains, but the Ls effect is just a toxic effect,
as it remains the same for both strains in un-irradiated cells.
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Fig. 2. Reactivation of phage A vir after UV irradiation of E. coli K,, Ay;.

The above-mentioned toxicity studies indicate that Ls might not penetrate
easily into the bacterial cells, presumably because of the presence of Mg*+ in
the cell wall and the concurrent formation of the insoluble Ls-Mg complex.

Bruxnk and Haxawarr (6) have reported studies on the DNA dark repair
in Tetrahymena pyriformis. This soon appeared a fascinating biological system,
intermediary between bacteria and mammalian cell culture, with regard to
sensitivity to drugs including Ls. Fig. 8 shows the anatomy of this eucaryote
presenting a large macronucleus governing nonsexual reproduction by fission
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(whereas the small micronucleus governs sexual recombination). We used the
strain GL, an amicronucleate mutant, for which fission can be observed under

favorable conditions every 5 hours.

Scheme of activation of the glycogenolytic action of adrenalin by phosphorylase.

Adrenalin Caffeine -Theophylline

active inhibits

ATP l »AMPy .5 ——————=—» AMPg'
adenylcyclase cyclic phosphodiesterase
active
Phosphorylase l Phosphorylase
kinose-kinase # kinase-kinase
b a
uﬂ_ﬁw
Phosphorylase l Phosphorylase
kinase D » kinase Q

active

Phosphorylase b —=— Phosphorylase a

Fig. 3

Fig. 4

I cannot enter in the details of the adaptation of radiobiological techniques
used in order to experiment with this protozoan studied as early as 1932 by
A. Lworr (7). The important fact was that I could see visually through the
microscope that the yellow pigment Ls would penetrate quickly through the
cytostome of this animal and, accordingly I could expect that no problem of
membrane permeability would interfere with the anticipated anti-repair effect
of Ls after UV irradiation.
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In axenic conditions, combining absorption (546 nm) and counting cell
measurements, described in details elsewhere (8), I got indeed wvery clear
toxicity growth curves, always proportional to the concentration of the drug
tested. Sub-toxic levels were determined for CAF and Ls as shown in the next
two figures (Fig. 9, Fig. 10). Accordingly CAF 103 M (0.02%,) and Ls 2.6 x
10-7 M (0.117 »/ml) could be considered safely as sub-toxic, showing that the
sensitivity of our strain to these drugs was higher than in the case of E. coli
(CAF = 0,19%,): in fact closer to that found for mammalian tissue culture cells
(Ls = 0.1 3/ml) for HeLa BB cells of mice (9).
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Using sub-toxic concentrations of CAF and Ls, we were thus in a position
to see whether or not these agents were enhancing the effect of a sub-lethal
exposure to UV. We exposed Tetrahymena pyriformis suspension in a sterile
buffer to 450 ergs/mm? UV and found indeed delay in the rate of multiplication,
and decrease in the number of generations as previously reported by CHRIS-
TENSEN and Giese (10). (Fig. 11.)

As can be seen, Ls and CAF added immediately after the irradiation become
toxic at concentrations found noninhibitory in previous control experiments.
Ls inhibits post-UV irradiation growth to roughly the same extent as CAF,
but at a sub-toxic molar concentration 5000 times lower.

Fig. 12 shows the increasing effect observed when the primary irradiation
dose is increased from 250 to 500 ergs.




DNA-Repair Inhibitors and Carcinogenesis

Ci Cilia

Ca Cilig,apical

Pe Peristome

A Cy Cytopharynx

Ca Vd VvpFp Ma Ci Cl Re Te Fp Filaments
of the pharynx
Vacuole, digestive
during formation
Vacuole,digestive
Cytoprocte
Vaocuole, pulsating
Reservoir
Canalicule
Trichocyste
Macronucleus

ViCpCy Mi Pe Vd Vp Mi Micronucleus

Ma Macronucleus

Mi Micronucleus

Va Vacuole

Cm Center, neuromotoric
Ci  Ductile appendix

203



A.(546nm])

R. F. Mouton

0.3

0.2

0.1 -:*cmf

..__I

A.(546nm)
o
3

o T“" TE
| ¥ 0.01% CAF
ADOD2: =%
g s 004
l D_ﬂa ] LL
0024 * = Emﬂml
1.03x10-*M
o~ e T— ey e rere o
Growth at 28°C
Fig. 9
ﬂlﬂ-:
D.lﬂ-:
005 -
1+LS
o Control
® 017 yLS/ml*
A035 » =
™ .‘D-EB T 'l
e o k17 u ow
+228 »
* - 206x10-"M
0.01- - Ty o —
0 2 - 2 36  4Bhrs
Growth at 28°C

Fig. 10




DNA-Repair Inhibitors and Carcinogenesis 205

On the basis of our results with CAF and Ls, we expected that Ls may inter-
act in vivo with single-stranded DNA. This would inhibit dark repair at a later
stage than does CAF, namely by interfering with the repolymerization step,
whereas CAF is known to interfere specifically with the early exonuclease
step of repair as illustrated in Fig. 13. This was checked in an in-vitro nicked
DNA repolymerization test using DNA polymerase I of Kornberg in the
presence of both repair inhibitors. Fig. 14 confirms that indeed Ls interacts
with the repolymerization step which is not affected by CAF up to 5 x 10— M.,
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Conclusion: The preliminary experiments have established at least the first
correlations we were looking for:

1. in vitro, physico-chemical interaction of Ls with denatured DNA.

2. in vivo, biological inhibition by Ls of post-UV irradiation growth of Tetra-
hymena pyriformis.

3. in vitro, biochemical inhibition by Ls of the DNA repair polymerization step
in nicked calf thymus DNA by the Kornberg's polymerase I enzyme.
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Fig. 13. Scheme of the repair of thymine dimers (GrossMAN et al., 1968). 1. Intact DNA
helix; 2. Formation of athymine-dimer due to UV irradiation, deformation of the helix.
3. Inecission at point of the damage by endonuclease senzyme of palpation «. 4. Elimina-
tion of the damaged DNA segment by exonuclease. 5. Repolymerization of the removed
DNA by replication of the helix ecomplementary to repair of polymerase I of Kornberg.
6. Recombination of the repolymerized chain by a ligase, restoration of the intact helix.
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Oncogenicity of Ls

Caffeine is known to be mutagenic for man (11). Luteoskyrin has been
found oncogenic when administered at sub-toxic concentrations in the food
to mammals, e.g. mice (12).

At whole-organism level, Fig. 15 shows an adenoma of the liver in a mouse
having received Ls (0.5 mg/10 g body weight) per os for 604 days.

Fig. 16 shows survival diagrams of 2 groups of mice having received respec-
tively 0.15 and 0.5 mg Ls/10 g body weight per os for 800 days. We have here
many forms of liver cancer.

At the cellular level, Ls seems to concentrate in mitochondria, microsomes
and nuclei where DNA is present. In cell cultures some studies have been
recently published (13) using mice ascites tumor cells of Ehrlich (hyperdiploids
41-46 chr.), Ls being added after 36 hours (exponential phase) at a dose of
1 y/ml (10-¢ M). These authors (13) observed a »disequilibrium syndrome bound
to DNA ¢, similar to »thymine death «'in bacteria.
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Fig. 15. Liver cell adenoma developing in the liver of mouse fed with 500 ug/10 g body
weight/day of luteoskyrin for 604 days (H. and E., x 200).
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Fig. 16. Survival diagrams of the mice groups administered with luteoskyrin [MiyvAKE
and Sarro (12)].

When DNA replication is stopped by Ls, RNA and protein syntheses con-
tinue at half-rate. Thus replication appears to be more sensitive to the toxic
action of Ls than does transcription.
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Fig. 17 shows chromosomal aberrations observed when Ls-resistant sub-
clones are isolated. One can see abnormally long chromosomes at metaphase
pointing out to abnormal replication, an observation to be compared with
that of Yu (1960) after X-ray exposure. The authors (13) conclude that these
in-vivo effects on replication are the result of the direct binding of Ls with
DNA - in agreement with our earlier observations.

b

i

Abb. 17

Even if at a 10~ M concentration, Ls affects transcription in the above
system, as reported by Uexo (14), in no case the energetic metabolism of these
tumor cells is inhibited by Ls, the aerobic or anaerobic production of lactic
acid remains unaffected.
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Conclusions: The observations on the oncogenicity and effect of Ls on cell
cultures brings further conclusions:

4. in vivo, the oncogenic effect of Ls is observed in whole animal, but only
after long-term feeding tests.

5. in vitro, in the toxic range of concentration of 10-¢ M, sub-cloning of Ls-
resistant Ehrlich asecites tumor cell eultures leads to chromosomal abnor-
malities.

6. in vivo, in the toxic range of concentration of 10-¢ M of Ls, the energetic
metabolism of the Ehrlich ascites tumor cells remains unaffected.

These conclusions added to the former ones observed in our laboratory
(see above), are indeed in good agreement with our basic working hypothesis
that inhibition of repair, a mechanism which normally protects DNA exposed
to radiation or chemical damage, could explain the cocarcinogenicity of some
compounds capable of interacting specifically and only with damaged DNA.
The discovery that in xeroderma pigmentosum the human fibroblasts are
indeed defective in one step of dark-repair function brings a general genetic
support to our proposition (15).

I am contemplating to resume my research work to confirm these prelimi-
nary findings by direct analysis of repaired DNA, extending my survey to
other anti-repair potential cocarcinogens or to carcinogens like aflatoxin B,,
which is already known to interact in vitro with denatured better than with
native DNA (16). It may also be interesting to study luteoskyrin analog like
rugulosin (Rg), the non-oncogenic pigment (bis-6-hydroxyanthraquinone) (Fig.

Abb. 18

18), which differs stereochemically and interacts differently with the damaged
double helix. In this particular case we have found a negative correlation
between lack of in-vivo UV-repair inhibition and lack of oncogenicity. Fig. 19
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shows that 1.85 x 10-% M Rg is sub-toxic for Tetrahymena pyriformis. Fig. 20
shows that 2.23 x 10-¢ M Rg does not affect the post-UV irradiation growth of

Tetrahymena pyriformais.
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On the basis of our results (8, 17) I may stress the relevance of such work
in environmental carcinogenesis where combined effects of radiation and sub-
stances introduced artificially or naturally to our food and drugs may mimic
better the true risk encountered by man. On the curative side, proper use of
well localized anti-repair agents may greatly benefit radiation or chemo-

therapy of cancer.
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Discussion

BovyLe: Before opening this discussion, I feel there may be questions per-
taining to this morning’s presentations. Does anyone have a question for
Dr. OgazaKI?

CHANDRA: WERNER [Nature New Biol. 233: 99 (1971)] has recently re-
ported that DNA replication and repair utilize different types of nucleotide
precursors. He believes that TTP may not be the precursor for replication
process. The postulated precursor for this process, TMP-X, is synthesized from
TDP, which is in complete equilibrium with TTP, the precursor for repair syn-
thesis. Unfortunately, he does not mention in this paper more about TMP-X.
Since you are now coming from the Cold Spring Harbor Meeting, I would
like to ask you, if you heard more about the nature of TMP-X. What
does » X « precisely denote?

Oxazari: WERNER has two papers in »Nature« [Nature 230: 570 (1971);
Nature New Biol. 233 99 (1971)]. The second paper has appeared very re-
cently and I have not read it very carefully. As I mentioned in my talk we
could not econfirm his results presented in his first paper. His data in the
second paper may be interpreted in wvarious ways. In the Cold Spring
Harbor Meeting he suggested that X of dATMPX could be PP. There might be
two pools of dTTP, one preferentially utilized for replication and the other
for repair. Thymine is converted to thymidine by thymidine phosphorylase,
and because of special intracellular location of the phosphorylase thymine
might go preferentially to the first pool, while thymine may be incorporated
into both pools.

CHANDRA: I do not quite understand the conclusions drawn by WERNER
in his paper. It is to me upsetting, how one can speak of replication in a satu-
rated suspension of bacterial cells (2 > 101 cells/ml), used by him in these
experiments,

In one of your slides, if I correctly remember, you showed some mutants
with wvarious amounts of ligase. Do these mutants have different kinetic
behaviour during replication in your sedimentation experiments?
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Orazaki: The slide showed that in two mutants, P3478 and R15, poly-
merase activity is very low but ligase activity is normal. So the slow joining
in these mutants could not be due to ligase but due to DNA polymerase I.

Bovie: Following UV or X irradiation of E. coli polA- DNA is degraded
very extensively [BovLe, Partersox and Serrow: Nature 226: 708 (1970);
ParersoN, BoyLE and SeErLow: J. Bacteriol. 107: 61 (1971)]. Degradation
appears to be due to an exonuclease which acts on single-strand breaks in
DNA. I wonder whether the slow rejoining you see in the polymerase mutants
could be due to inhibition of normal rejoining by the same exonuclease activity
that we see after irradiation?

OKrazakr: It is quite possible that exonuclease and polymerase are competing
at the gaps and that the slow joining of the short pieces in the DNA polymerase
[-deficient mutants may be due to uncompensated exonuclease action.

Kreppe: Dr. Okazakr, can you tell us anything more about the distance
between these pieces? How many nucleotides do you guess that there would
be? Another question: Have you done any experiments with the DNA poly-
merase L in vitro to see whether or not it can fill the gaps?

Oxrazaki: We have not measured the size of gaps but we are going to.
Hurwirz and his coworkers [Proe. Natl. Acad. Sci. (Wash.) 61: 1199 (1968)]
have shown that short pieces in a normal strain can be joined in vitro by
polvmerase and ligase plus four dXTP’s and DPN or ATP.

TravT: I would like to ask two questions to Dr. STRAUSS, one concerning
the chromosome model he has proposed, the other coneerning the mechanism
of chromosome breakage. What happens to this model if chromosomes are not
single-stranded but multi-stranded as many people believe? And the second
question: What happens to the protein component of the chromosome when
the chromosome is broken? I would like to ask this question especially with
regard to the work of SweELpoN Worrr and his coworkers [WoLrr, SH.:
Radiation studies on the nature of chromosome breakage. The American
Naturalist, Vol. XCIV, 85 (1960)]. They demonstrated that in the process of
rejoining of chromosome breaks protein synthesis, but no DNA or at most
very little DNA synthesis is involved.

STrAUSS: A multi-stranded chromosome model requires that chromosome
aberrations should not be produced until a sufficient number of generations
have occurred to permit the damaged strands to segregate along with newly
synthesized strands as chromatid breaks.



Discussion 215

It is necessary to consider the difference between ionizing radiation which
may break a number of strands simultaneously and monofunctional alkylat-
ing agents. The alkylation of a single base results in depurination and eventual
breakage of a single chain by hydrolysis. In contrast to ionizing radiation,
alkylation will only break one strand. The problem in considering the mecha-
nism by which alkylating agents cause aberrations is therefore one of segrega-
tion which is the reason most geneticists prefer to think of chromosomes as
double-stranded. Although there are observations which also imply that
chromosomes are multi-stranded, there is sufficient reason, both theoretical
and experimental, to continue to suppose that many chromosomes have a
single DNA molecule as their backbone. If this hypothesis should turn out to
be incorrect, many of our explanations will have to be revised.

I have looked at Dr. WorLrr's paper on the relationship between DNA
synthesis and chromosome rejoining [Worrr, 8. and D. Scorr: Expt. Cell
Res. 55: 9 (1969)]. The data are very interesting but the question is partly
one of how much DNA synthesis does occur. At the present moment, however,
I would have to say that I have no idea what happens to the protein component
of chromosomes during repair.

CHaNDRA: Did I understand correctly that FUdR causes chromosomal
aberrations?

STrRAUSS: It is my understanding that chromosome aberrations are observed
in cells inhibited by FUdR. This observation was made in the early 1960’s
by TavLor and his colleagues [Proc. Natl. Acad. Sci. (Wash.) 3§: 190 (1962)].

CranprA: What is the mechanism of this chromosome aberration by FUdR?
Is it possible to say that any inhibitor of DNA synthesis causes chromosome
aberration, or is it due to some mechanism by which the RNA is modified so
that the synthesis of some chromosomal proteins is blocked. Could someone
suggest any other mechanisms for chromosome aberrations?

STrRAUSS: It is more than just speculation to say that any inhibitor of DNA
synthesis which acts either directly or indirectly (i.e., eycloheximide) will
turn out to break chromosomes. Unfortunately. I think that it is just too
early to say what the general mechanism(s) may be because of the diversity
in the action of those inhibitors which have been reported to produce breaks.
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MexNIGMANN: I am referring to some experiments with bacteria and
FUdR. [Mexxtemaxy, H. P. and W. Szyearski: Biochem. biophys. Res.
Commun. 9: 398 (1962)]. You find the same, namely that you get single-strand
breaks, if you inhibit DNA synthesis with FUdR or, if you are afraid of the
drug, with bacteria which are genetically inhibited in the same enzyme (viz.
thymidylate synthetase) which is inhibited by FUdR.

BovLe: Are not single-strand breaks also produced by nalidixic acid?
MENNIGMANN: Yes.

Paister: There is only one problem and that is that FUdR causes chromo-
some aberrations in G, phase. I meant chromosome aberrations in general.

StrAUSS: I think that what seems to be contrary cytological evidence can
be easily misinterpreted. Clearly the bulk of DNA synthesis occurs during
the S period. At some stage however, the individual replicons will have to be
joined. Now we do not know what the configuration of the DNA is at that
stage and we cannot tell whether some sort of repair synthesis may not oceur
at the G, stage. 1 think it is impossible to decide with the data we have at
present, even though I admit that they appear to support the point you made.
In the same way, WoLrF’s data [Amer. Naturalist 94: 85 (1960); Exp. Cell
Res. 55: 9 (1969)] seem to show that protein but not DNA synthesis is impor-
tant for chromosome rejoining. I think that with the accumulation of more
facts about the biochemistry of DNA replication, WorLrF's data will turn out
to fit a more conservative hypothesis of chromosome structure.

ParxTeEr: I agree with you. But I think at the same time one can’t neglect
the fact that inhibitors of DNA synthesis don’t affect rejoining, but protein
synthesis inhibitors do. You can say it’s such a small amount that the inhibi-
tors of DNA synthesis are not effective. On the other hand I think you cannot
ignore the evidence that WorLrr has for protein synthesis. It means something
and you must handle it within your final construction as a model of chromo-
some aberration,

STRAUSS: I'd like to say that there is evidence that inhibitors like hydro-
xyurea do inhibit ligase or some joining reaction. Although I do not know
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whether hydroxyurea inhibits ligase activity in vitro; our data [CovLE, M.
and B. Stravss: Cancer Res. 30: 2314 (1970)] and the data T mentioned yester-
day published by Bex-Hur and BeN-IsHal [Photochem. Photobiol. 13: 337
(1971)] indicate that it can inhibit the joining of breaks in vivo.

Bovig: Are you talking about mammalian systems or bacteria?

SrrAUSS: About mammalian systems. BeEx-Hur and BeN-Isnar studied
breaks occurring as a result of the repair of UV-induced damage. In our own
work [CovLe, M. and B. Strauss: Cancer Res. 30: 2314 (1970)] it appeared that
newly synthesized DNA formed in the presence of hydroxyurea was not joined
to larger fragments.

REGAN : We have hydroxyurea present at 3 x 1073 M in our UV experiments
and in our gamma experiments. There is no inhibition of UV repair or gamma
repair by this compound.

StrAUSs: By this sucrose gradient method?

REGAN: The BU insertion and photolysis method. I mean hydroxyurea
does not inhibit the shift back to higher molecular weight after gamma irra-
diation.

Parster: I think it is a very strong point on the Bex-Hur and Bex-Isnar
paper that nobody else doing sucrose gradients has got even close to these
results. I mean not even close. You look after UV and you don’t see anything
like that.

Stravss: Hydroxyurea has been reported to induce chromosome breaks
[Yu, C. and W. Sincrair: J. Cell Physiol. 72: 39 (1968)]. We have also ob-
served the degradation of the DNA of HEp.2 cells incubated in the presence
of hydroxyurea. This degradation can be observed on alkaline sucrose gradients
and also by the Hirr [J. molec. Biol. 26: 365-369 (1967)] technique. We sup-
posed, as an explanation for this degradation, that over the long term there is
some inhibition of a joining process by hydroxyurea. Now I am sorry to have
brought in the paper by Bex-Hur and Bex-IsHAT because the authors are not
here to discuss their work. However, I did quote it because their results sup-
port the ideas we derive from the experiments 1 have just described.
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BovLe: I think the action of these various drugs is a topic that we may
come back to later. Are there any other comments about this morning’s papers?

Travt: Dr. STENMAN, how did you obtain the number of breaks and were
all breaks involved in aberrations? I would especially like to know how you
distinguished between breaks and achromatic lesions.

STENMAN: The number of breaks was calculated from the total number of
fragments (1 break), dicentrics and rings with accompanying fragments (2
breaks) and tricentrics with two fragments (4 breaks). This is an underestimate,
but the distribution of damage between the cells is correctly scored. This
distribution of breaks was also the basis for our observation that only part of
the lymphocytes had been irradiated. This indicates that the frequency of
chromosome aberrations in peripheral lymphocytes is not a good measure
of the radiation dose after partial body irradiation. We regarded a lesion as
a break when the distance between the broken ends was more than the width
of the chromatid.

TravT: But you are aware that many so-called breaks are really no breaks
but are, in fact, achromatic lesions?

STENMAN: Yes, but this influences the results of virus treatment only, since
in experiments in which the cells had been irradiated and not virus-treated,
only fragments and exchange aberrations were scored.

Erxst: I have a question to you, Dr. Stenman. You fitted a Poisson distribu-
tion by this additional zero values to your results. Did you try other distribu-
tions as well? For instance a negative binomal one, which could yield different
results?

STENMAN: No we did not. According to previous experiments in witro
(Evaxs, H. J.: Human Radiation Cytogeneties; p. 20. North Holland Amster-
dam 1967) and in vivo [NorMaxn, A, et al.: Blood 27: 706 (1966)] this kind of
chromosome damage has a Poisson distribution.

Lucas: What I should like to ask you, Dr. CHaxDRA, is the following:
because of the environmental importance of psoralens I am very interested
to know whether the cross-links they form with DNA are excised. Do you
know if there is still agreement that psoralens are mutagenic?
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CuaNpRra: I think, I made it quite clear that photochemical splitting and
photoreactivation are completely different processes. The photochemical split-
ting called short-wavelength reversal, involves the interaction of photons and
nucleic acids only. On the other hand, photoreactivation is an enzymatic
process requiring visible light, or radiations in the range 3100-4400 A,

Now to your second question, regarding the repair of photodamage by
psoralen. I have presented data to show that psoralen is intercalated between
two thymine molecules on opposite strands of DNA, whereas the angular
furocoumarin, angelicin, does not possess this property of intercalation. This
was shown by the fact that angelicin-DNA complex could be dissociated photo-
chemically, whereas psoralen-DNA complex was photochemically rather re-
sistant. The failure to photoreactivate damages by angelicin and psoralen under
in-vivo conditions, indicate that intercalation may not be the only reason for
this damage (biological damage). However, our preliminary studies show that
in bacterial system one can dark-reactivate these damages, and as I heard
from Dr. PAINTER, CLEAVER has also found dark-reactivation of HeLa cells
damaged by psoralen.

CRNST: A short question to you, Dr. Cuaxpra. Did vour bacteria really
survive 109 acetone in the nutrition solution?

CHANDRA: Well, they do. May be, Dr. MENNIGMANN can comment on this.

MEeNNIGMANN: | have been asked this question several times, I think I am
the only person that ever did these experiments because I dared to put bacteria
into 109, acetone. They survived about two days in this solution. But they
will start to die in the dark above 159, acetone and above 30 degrees centi-
grade. But, I would now give the advise to use acetophenone instead of acetone
because it has several advantages. One of the disadvantages of acetone is that
it unfortunately gives a number of other lesions. If one uses pure DNA, one
produces obviously radicals which are fairly long-lived. One has to scavenge
these radicals because they produce single-strand breaks. But this is not the
case if one uses acetophenone so that the results are more clear-cut, at least
within the »biological dose range«. That I obtained such nice results with
acetone and bacteria is probably due to the fact that within the bacterial cell
you have so much material which can scavenge the radicals that it works
here; but it does not work with transforming DNA and also not with viruses
because in the latter case in addition you get protein damage.
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AversiEck: During the 8th Annual Meeting of the European Society for
Radiation Biology in Basko Polje, Yugoslavia, H. S. KarrLaN gave a paper
concerning »Chemical inhibitors of the repair of X-ray induced single-strand
breaks in cellular DNA «. Using the method of alkaline sucrose gradient centri-
fugation described by McGraTh and WiLLiams it was demonstrated that there
are three types of repair of single-strand breaks in E. coli.

1. The first type of repair can take place in complete growth medium, not
in buffer., Recombination-deficient strains of E. coli (rec—) are unable to
carry out this type of repair. This recombination or post-replication repair
is a very slow repair process. More than 30 minutes are needed in E. coli.
Hydroxyurea (impure, i.e. contaminated with an unknown compound) can
act as an inhibitor [Kapp, D. 5. and K. SyiTH: The chemical inhibition of
the repair of single-strand breaks in DNA: post-irradiation sensitization to
X-rays. Int. J. Radiat. Biol. 19: 255 (1971)].

2. The second type of repair is faster than the first type. It can take place
in buffer and is complete in about 15 minutes. This type of repair is absent
in E. coli polA mutants which are lacking the Kornberg polymerase I. In
wild-type cells it can be inhibited by NaCN and EDTA. It is also tempera-
ture-dependent.

3. The third type of repair is an »ultrafast « repair process. It is inhibited in
air-irradiated cells. Heat, cold, oxygen, N-ethyl-maleimide and hydroxyurea
can act as inhibitors. It was suggested that this type of repair is dependent
on a DNA ligase. This repair process can take place in less than 2 minutes.

Since it has been suggested by H. S. KarpLaN (8th Annual Meeting of the
European Society for Radiation Biology in Basko Polje, Yugoslavia, 1971)
that there exists a third repair process (perhaps related to the DNA ligase)
which is very fast in wild-type cells but inefficient in cells irradiated in oxy-
genated conditions, it can be assumed that oxygen can act (directly or indirect-
ly) as an inhibitor of the activity of repair enzymes. Perhaps in this aspect
the oxygen effect can be interpreted in terms of equal lesions but different
repair ability of X-irradiated cells in oxygenated or hypoxic conditions.

Bovyre: May we now turn to the scheduled discussion which concerns the
influence of drugs and environmental factors on repair mechanisms. 1 would
like to make a few general comments at the outset. This subject can be dis-
cussed, of course, at a number of different levels, depending on the type of ap-
proach one wishes to use. For example, the biologist studying the effect of tem-
perature on the shape of radiation survival curves of cells may find a completely
different value for the temperature optimum to that of the biochemist studying
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the effect of temperature on the in-vitro properties of a particular repair
enzyme. The problem is, of course, one of biological complexity: in order
that repair processes can work within the cell, other ancillary processes must
also be operative. Thus one must attempt to differentiate between effects
caused by the direct action of a drug on repair enzymes, and indirect effects
operating via ancillary processes. Although this is an obvious statement to
make, it is one that appears to be frequently forgotten, particularly when
biological data are being interpreted using facts derived from in-vitro bio-
chemical data.

We should therefore attempt to ask:

1. What factors specifically affect repair processes?

2. What ancillary processes affect the efficiency of DNA repair, and what
factors affect repair either by their indirect action on these processes, or
by combined action on both repair and ancillary processes.

As an example of the latter case, I would like to take up 10 min of your time
in reviewing some work which has been done in collaboration with Dr. PavL
SwexsoN of Oak Ridge National Laboratory [BoyLg, J. M., R. L. SCHENLEY,
and P. A. Swexson: J. Bacteriol. 106: 896 (1971)]. Most of what I have to
say has recently come into print. Incidentally, I think these data may have
some relevance to what Dr. PoHLIT was saying yesterday.

These data will show that metabolic events occurring after irradiation of
DNA can affect the survival of cells, a factor which I think is not considered
in Dr. PorLir’s theory which considers only the effects on the cytoplasm at
the time of irradiation. We have been looking at the responses of E. coli Bjr
to ultraviolet (UV) light of 254 nm wavelength. This organism is radiation-
resistant and can perform excision and presumably post-replication repair.
Yet despite having these repair systems, when B/r cells are grown on minimal
medium containing glycerol as the sole carbon source, 99.5%;, of the cells are
inactivated by a dose of 520 ergs/mm?2. We argued that the most likely cause
of death of most of the cells was due to metabolic disturbances occurring after
irradiation. If this were true then it might be possible to identify events that
were critical to survival and prevent their occurrence. Since available chemical
energy is an obvious necessity for cell survival we have studied the respiration
of cells following UV,

Fig. 1. — The survival of B/r is dependent on the carbon source on which
the cells are grown. The slopes of the survival curves for cells grown on glycerol
are parallel but displaced by a shoulder on the glucose grown cells.
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panel: cells irradiated at 0 min with 520 ergs/mm?®. After irradiation respiration of cells
at 2 x 10%/ml was measured, in the presence of 0 to 50 pgm/ml FU as indicated.

Fig. 2. — In this slide panel a shows the respiratory patterns of cells grown
before and after irradiation in minimal medium containing glyeerol, glycerol
and casamino acids, or glucose. As you can see, respiration after UV is very
dependent on the carbon source, and is paralleled by the pattern of cell growth
(panel b). The subsequent work I will discuss concerns cells grown in glycerol-
containing medium, chosen because such cells gave the largest effect on respira-
tion when irradiated. — In this case, after 520 ergs/mm? respiration ceases after
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one hour. SWENSON and SCHENLEY [Mutation Res. 9:443 (1970);J. Bacteriol. 104:
1230 (1970)] have shown that the cessation of respiration is associated with
the loss of two cell components, glycerol kinase, the pacemaker for glycerol
metabolism, and pyridine nuecleotides, the respiratory coenzymes. The loss
of pyridine nucleotides is shown in panel ¢. By the use of metabolic inhibitors
it was shown that respiratory turnoff occurs as a result of transcription of the
irradiated genome.
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Fig. 4. Effect of FU on post-irradiation viability. Viability of E. coli B/r cells irradiated
with various UV doses. Solid lines: no FU; dashed lines: 0.5 ugm/ml. FU added at
zero time.

Two methods which we have used extensively to prevent respiratory turnoff
are the additon of 5-fluorouracil (FU) to the post-irradiation incubation
medium (presumably the FU is incorporated into those species of mRNA
which would, except for their fraudulent character, be involved in the process
of turning off respiration) and elevation of the temperature of irradiated cells
to 42 °C after irradiation (presumably one or more of the proteins involved in
respiratory turnoff are thermolabile).
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Fig. 3. — This figure shows the effect of different concentrations (ugm/ml/
2 « 108 cells) of FU on the respiration of non-irradiated (upper panel) and
irradiated (lower panel) cells. With 0,5 ggm/ml respiration continues at a linear
rate.

Fig. 4. — We compared untreated cells with those treated with FU after
irradiation and this slide shows the viability kinetics of both cultures. During
the first hour after irradiation the viability of the treated cells increased
dramatically from about 0,59, to about 25%,. The UV dose response of cells
treated with various amounts of FU for one hour after UV is shown in Fig. 5.

10 1 L et
""""..1-‘\,.::
0--..._‘_“\\":’
u\
o Ny
(=]
€ 02
o 10
5}
2
i
=
:
¢ 1073
o No
a 005
o 01
1044 a 05
v 10
= 50
500 )
10-5 -

T T T T T T
0 200 400 600 800 1000 1200
ergs /mmZ
Fig. 5. Effect of FU concentration on ultraviolet survival curves. Cells irradiated and

plated immediately (eurve labelled No) or after 60 min incubation with various concen-
trations of FU as deseribed in Fig. 3.

Fig. 5. — If we measure the viability of the treated cultures at 60 min as a
function of FU concentration and UV dose we can obtain survival curves for
the effect of FU on UV-irradiated cells, and we see that the effect of FU
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treatment is to enlarge the shoulder of the survival curves, in the same way
that growth of cells in glucose medium enlarges the shoulder.

Fig. 6. — We have also looked at excision-associated events occurring in both
untreated and FU-treated cells, and found only marginal differences in the
rate of dimer excision (lower panel) and DNA degradation. There is, however,
a difference in the pattern of rejoining of excision-induced strand breaks (upper
panel). More strand breaks are closed at times longer than one hour in treated
cells than in untreated cells.
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Fig. 6. Exeision of dimers and strand-break repair. The effect of 0.5 ggm/ml. FU on the

kineties of dimer excision (lower panel) and on the repair of single-strand breaks (upper
panel) was observed following 520 ergs/mm?.

We believe that the explanation of these phenomena is that in FU-treated
cells pyridine nucleotide levels remain high : one of these respiratory coenzymes,
nicotinamide adenine dinucleotide (NAD), is also the coenzyme of the putative
rejoining enzyme of K. coli, polynucleotide ligase. Thus in this system we have
a situation in which the nutritional and drug factors that alter the radiation
survival responses of B/r, do so (at least in part) by a mechanism that affects
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both cellular respiration and, more directly, the activity of one of the DNA
repair enzymes.

I was talking last night and today with one or two other people about the
energy requirements for repair. I think Dr. Kierer has some comments to
make.

Kiergr: We have been interested in the relation between split-dose recovery
(sometimes also called » Elkind-type of recovery «) and cellular energy metab-
olism (Fig. 1). A normal wild-type diploid yeast Saccharomyeces cerevisine was
used for the investigations. Experimental details are given in the published
paper, so I need not bother you with that here. [KierEr, J.: Int. J. Rad.
Biol., 325-336 (1971)]. Since yeasts are facultative anaerobes they are able to
grow with or without oxygen, provided a fermentable substrate is available.
We started always with normally grown stationary phase cells, irradiated
them with X-rays or UV and incubated them in medium containing either
glucose or lactate (Fig. 2). After variable intervals a second dose of radiation
was given and the effect on colony forming ability plotted as a function of
time between exposures. If glucose is the carbon source in the medium we do not
find any significant difference between samples kept in air or in nitrogen during
the interval. This was not surprising to us since we know that yeast cells can
synthesize sufficient amounts of energy-rich metabolites only by fermentation
of glucose. This is not true for most other cell types and therefore a strong
dependence of the split-dose sparing effect was often found [see, e.g., Howarbp,
A.: Int. J. Radiat. Biol. 1968: 341] as a function of oxygen pressure.

The situation is different if lactate is the carbon source in the medium. This
compound cannot be fermented and energy is only provided by respiration.
As you see from Figs. 3 and 4 split-dose sparing can only be found in the aerated
sample. In our mind, this is quite conclusive evidence that a functioning energy
metabolism is a necessary prerequisite for split-dose recovery. It has to be
admitted, of ecourse, that until now nobody knows, what split-dose sparing
means at the molecular level, particularly, whether there is any relation to the
kind of DNA repair mechanisms we were talking about mainly at this meeting.

Since we had demonstrated that energy metabolism plays an important
role in the course of events after irradiation we also measured respiration and
anaerobic fermentation in irradiated cells. I should like to show you some pre-
liminary results: As unirradiated controls and the exposed samples have a
different proliferation behaviour, we related all our measurements to cell num-
ber in the sample, i.e. respiration and fermentation are given as relative values
per cell. Also, since we were interested in the effects in surviving cells, we chose
doses so that the surviving fractions were relatively high — normally about
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Fig. 4. As in figure 1, but with acetate as carbon source and with UV irradiation.

50%,. The time course is given up to six hours in Figs. 5and 6. If we integrate
these curves, i.e. plot the areas under them, we arrive at the kind of picture as
given in Figs. 7 and 8. You see, that both respiration and fermentation per cell
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Fig. 5. Relative respiration and fermentation rates as funetion of time after X-ray ex-
posure to a colony forming ability of about 509, (values caleulated per cell).
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Fig. 8. As in figure 7, but after UV exposure. The dose rate was 44 ergs/mm*/sec-.

are increased with low doses of radiation although the behaviour is different
and also there are big differences between X-rays and UV. Since these results
are preliminary, I do not want to embark on a detailed discussion but like to
stress only that obviously surviving cells have an increased demand for energy
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which fits nicely into the split-dose studies. The exact kind of regulation, how-
ever, has still to be elucidated.

Rivisz: Without wishing to complicate the issue further, as an analytical
approach to the problem I suggest to distinguish between 1) the functional
integrity of the components involved in the recovery and repair processes;
2) the functional integrity of the energy generating system which supplies the
energy required by these processes; and 3) a factor which I will term »srecover-
ability « or srepairability « of the damage. Let me refer to one of Dr. SHELDON
Worrr’s experiments from the fifties to explain what I mean with these terms.
Dr. Worrr [Worrr, S., H. E. LurepoLp: Science 122: 231 (1955) and
Genetics 43: 493 (1958)] showed that rejoining of broken chromosomes is also
an energy requiring process. No rejoining occurs in anoxia, but it does oceur in
the presence of oxygen which permits the generation of the required energy.
However, there is a time limit after the induction of the damage within which
oxygen must be available for rejoining to oceur. If oxygen becomes available
later than about 15 min after the damage had been inflicted, the broken
chromosomes do not rejoin. The damage becomes fixed, the breaks are not
srejoinable « any longer. Analogously, it is conceivable that the reparable state
of the DNA damage, or the recoverable state of the sublethal damage is limited
in time. Some of our findings on the effect of cysteamine on cellular recovery
from radiation damage could be explained by such an assumption [cf. Lirt-
BrAND, B., L. ReévEsz: Acta Radiol. 10: 257 (1971)]. If the assumption is
correct, information on the factors which influence recoverability or repaira-
bility,i.e. the fixation of the damage, is of the greatest importance for the cor-
rect interpretation of the repair and recovery phenomena.

Boywre: In our experiments we found that you must have transeription and
translation of the irradiated genome within the first hour after UV irradiation.
In order to prevent cessation of respiration one can interfere with normal
transeription by adding 5-fluorouracil immediately after irradiation, and under
these conditions one sees a large increase in viability over the first hour after
irradiation. With reference to Dr. Kierer’s work I would add that the behaviour
of our system after X irradiation is very like that after UV. One difference
is that although cessation of respiration can be prevented by fluorouracil, in
the case of X-rays this does not result in an increase in viability.

RivEsz: Could this last comment of yours be considered as a direct
evidence for the time limitation of the recoverability or repairability just to
introduce this new term?
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BoyLe: I do not know.

ErNsT: A short report on some side results of one of our experiments on
green plant cells. Primarily we were looking for photoreactivation. If you have
a green plant cell, the light which is given after the X-ray damage will do two
things: 1) It causes real photoreactivation. 2) It allows photosynthesis to work
and so it is difficult to differentiate between these two processes. If you restrict
the wavelength of your reactivating light by filters to the range at about
400 nm which is known to allow photoreactivation you may suppress photo-
synthesis. In Funaria hygrometrica (moss) we did not find real photoreactiva-
tion. But if we use the same (mercury-are) lamp without these filters and we
can be sure that the photosynthesis was working, we got something like a
reactivation or repair. So this, 1 conclude, is due to the energy supply by the
photosynthesis.

AVERBECK: I would like to comment on what Dr. REvEsz was saying. The
gassing conditions during X irradiation may interfere with subsequent repair
mechanisms and not only produce different radiation damage.

The current status of the discussion about the sensitizing effect of oxygen
during X irradiation is that the effect is primarily due to:

1. radical damage to the DNA and other cell components, but includes the
possibility

2. that oxic damage could affect the DNA in such a way that the action
of repair enzymes in the cell is prohibited or inefficient.

I like to show some of our data about the effect of oxygen in radiation
sensitive strains of Saccharomyces which could possibly favour the second
possibility.

We have measured the X-ray survival curves for different strains in oxy-
genated and hypoxic conditions. The experiments were performed using a
haploid wild-type strain and three mutants out of our collection of radiation
sensitive mutants ecarrying the genes r; and ri which confer increased sensi-
tivity to UV and X irradiation and the allele rj_, which confers high sensitivity
to UV [Laskowskl, W., E. R. LocamMaNy, S, JANNSEN u. E. FIsk: Zur Iso-
lierung einer strahlensensiblen Saccharomyces-Mutante. Biophysik 4: 233(1968);
Avererck, D)., W. Laskowskr, F. EckarpT and E. LEHMANN-BRAUNS: Four
radiation sensitive mutants of Saccharomyces. Molec. gen. Geneties 107: 117
(1970)]. Several spore clones of each genotype were used.

The colony-forming ability of the X-irradiated cells (using an X-ray Siemens
machine at 300 kVp, 10 mA with 0.2 Al filter) was determined in the usual
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way by plating the irradiated cells immediately after irradiation on complete
growth medium (AvVERBECK et al., 1970).

Fig. 1 shows the dose-response curves after X irradiation for the haploid
wild-type strain (full lines). The ratio of the doses in hypoxic and oxygenated
conditions at the 109, survival level, i.e. D,,(N,) over the D,,(0,) is 2.5.

1.0 T T T
3 211-1aM =
1 6.7% be. ]
- \ il
1%
2 % ""\-«.H i
N, S
Tl \E\ o e --.ﬂ' T
* —
\,\ S
0.1 i ~=o 11-|_.R_:
= '\‘ =
- \ -
~
& 'iu‘\-\.‘ - y
- H‘"\-
e AHR
0.01- 2 _
0.0 T T T
10 20 30 40
X-ray dose (krads)

Fig. 1. Typical survival curves of the haploid wild-type strain 211-1aM after X irradia-

tion in oxygenated (points) and hypoxic conditions (triangles) after immediate plating

(full lines) and 48 hours agar-holding (AHR, dotted lines). Percentage of budding cells
in the irradiated sample 6.79%,.

An oxygen enhancement ratio is not given because the oxygen enhancement
ratio does only apply when oxygen is strictly dose modifying in all dose
ranges. Figs. 2 and 3 show the dose-response curves of the haploid spore
clones carrying the gene rj and the allele rf,. The ratio of the doses
required to give 109, survival in the two irradiation conditions are similar
to the values obtained with wild-type cells although rj-cells exhibit increased
sensitivity to X irradiation and 1} ,-cells do show only little differences in
their X-ray sensitivities compared to wild-type cells.
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Fig. 4 shows the survival curves of a haploid spore clone carrying the gene
r;. In contrast to wild-type cells the ratio of the doses at the 10%, survival
level in the two irradiation conditions is only about 1.4. Similar low values
of the ratio D,,(N;) over the D;(0,) are found in other spore clones carrying
the r]-gene.
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Fig. 2. Typical survival curves of the haploid spore clone 8 25-14a carrying the r}-gene

after X irradiation in oxygenated (points) and hypoxic conditions (triangles) after im-

mediate plating (full lines) and after 48 hours agar-holding (AHR, dotted lines). Per-
centage of budding cells in the irradiated sample 3.6%,.

ri-cells show similar sensitivities to X irradiation in oxygenated and
hypoxic conditions as wild-type cells in oxygenated conditions. This perhaps
can be interpreted that r}-cells are unable to repair hypoxic X-ray damage
which, when repaired in wild-type cells, leads to resistance to X irradiation.

Since it is known that r}- and rj-genes confer increased sensitivity to UV
and the rj ,-allele high sensitivity to UV the overall picture reported by
ALPER [A characteristic of the lethal effect of ionizing radiation on »her—«
bacterial strains. Mutation Res. 4: 15 (1967)] that there exists a negative
correlation between oxygen enhancement ratio and UV sensitivity in radiation
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sensitive bacterial mutants does not apply to the strains of Saccharomyces
used.

The differences in the responses to X irradiation in hypoxic and oxygenated
conditions seem to be correlated to the genetically controlled sensitivity
changes of the strains of Saccharomyces used.
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Fig. 3. Typical survival curves of the haploid spore clone 8 23-19¢ carrying the r_,-al-

lele after X irradiation in oxygenated (points) and hypoxic conditions (triangles) after

immediate plating (full lines) and 48 hours agar-holding (AHR, dotted lines). Percentage
of budding cells in the irradiated sample 5.49%,.

BovyLe: How soon do your anoxic cells return to oxic conditions?

AvVERBECK: One should assume that yeast cells return quickly to normal
conditions since they are used switch back to aerobic or anaerobic metabolism.
On the other hand we compare different strains under the same conditions
and the onset of replication after irradiation is expected to occur in all strains
at a similar time scale.
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Fig. 4. 'I'ypical survival curves of the haploid spore clone 288.4c¢ carrying the r}-gene

after X irradiation in oxygenated (points) and hypoxic conditions (triangles) after im-

mediate plating (full lines) and 48 hours agar-holding (AHR, dotted lines). Percentage
of budding cells in the irradiated sample 6.89,.

Lanpann: DNA-repair mechanisms have presumably evolved in response to
the most common types of damage to intracellular DNA. One such form
of damage is probably that due to heat. On heating DNA in solution at a
temperature below the T, , a slow degradation of the primary structure takes
place, mainly due to depurination [GREER, S. and S. ZameENHOF: J. molec.
Biol. 4: 123 (1962)]. The temperature dependence of this inactivation of
double-stranded DNA has been determined by following the rvate of loss of
transforming activity at different temperatures, and by direct measurements
of the rate of release of purine bases from DNA radioactively labelled in these
residues [Lixpanr, T. and B. Nysera: Biochemistry, in press (1972)]. For
the latter type of experiments, DNA was isolated from a purine-dependent
mutant strain of B. subtilis grown in the presence of (C-adenine. The
data available so far indicate that at neutral pH and ionic strength 0.15,
1 purine base is released per 105-107 base pairs per hour at 37°C. It seems
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likely that this type of specific acid-catalyzed hydrolysis would ocecur at
a similar rate in vivo as in vitro. In a mammalian cell, the rate of degradation
would then correspond to the loss of 103-10° purine residues from the DNA of
a cell during one generation time of 20 hours. As depurination causes loss of
genetic information, it appears that cells should be able to repair depurinated
sites in DNA. In considering how heat lesions in DNA may be repaired, it is
useful to draw a parallel with UV-repair systems. Thus, in analogy with
photoreactivation, a direct repair event could conceivably take place by enzy-
matic replacement of a missing purine residue. Further, apurinic sites could be
removed by a post-replication type of repair mechanism, but this would at
present be difficult to prove, as no good method exists to selectively introduce
depurinated sites into DNA in vivo. Finally, repair by excision and repair
replication would presumably require an endonuclease that attacks at apurinic
sites and thereby would allow exonuclease and polymerase action.

In a search for endonucleases of this type, it was observed that cell extracts
from several bacteria and mammalian tissues contain an activity that rapidly
inactivates preheated, but not unheated, transforming DNA of B. subtilis at
pH 8.0 in the absence of divalent metal ions. The active factor(s) in the cell
extracts chromatographed as a macromolecule on gel filtration. In an E. coli
extract, the active principle appears to be identical with the DNA endonuclease
I1, which has recently been shown to catalyze the formation of strand breaks
at depurinated sites [Hap1, S. M. and D. A. Gorprawarr: Fed. Proe. 30: 1156
Abs. (1971)]. The active factor from calf thymus shows alkaline endonuclease
activity with preheated DNA after 100-fold purification by standard enzymo-
logical techniques. However, at its present stage of purification it also con-
tains acid DNase activity towards unheated DNA.

BOYLE: You have presumably looked at the specificity of thisenzyme. Does
it work on UV-irradiated DNA or anything else *?

Liwpanr: We have tried UV-irradiated DNA and normal DNA. There is no
selective attack at pyrimidine dimers.

BoyLe: Have you looked at alkylated DNA in which there may be some
depurination ?

Lixpanr: We have not done that. Dr. Stravss has pointed out previously
that this is a rather complicated experiment to do, because the alkylated
purines are quite unstable, and are split off.
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PainTeER: Is there some way to do this experiment with DNA in a dry
state because the DNA in the cell is in some state which may not be in solution?
Therefore these depurination events would not oceur under those circumstances
(in vivo) because it may not be really in a water solution at all.

LixpasL: I assume that in living cells the DNA is in a hydrated form.

Painter: Well, I am not sure that you can make that assumption because
there is a considerable amount of evidence from irradiation inactivation experi-
ments that many molecules in the cell do not »see « water products.

Stravss: I think I should point out that when cells are alkylated one gets
the same sort of products in not too different amounts that one sees if DNA
is alkylated in wvitro.

PainTeERr: 1 didn't object, 1 ask the question whether it can be done with
dry DNA.

LixpannL: Winkins [Winkins, M. H. F. and J.T. RaxpaLL: Biochim.
biophys. Acta (Amst.) 10: 192 (1953)] found that DNA has the fully hydrated
B structure in vivo.

STrAUSS: Didn’t ZAMENHOF measure depurination in dry DNA?

LixpaHL: Yes. GREER and ZaMENHOF have done some experiments with
spores, and also heating dry DNA. Then the question is, what is dry DNA?
Dry DNA is very hygroscopic, and some of the water is never removed by
conventional drying methods.

RoeerTs: Does your apurinic acid exhibit the same alkali instability as the
apurinie acid formed following loss of alkyl purines from alkylated DNA?

LixpaHL: Yes, the time required for chain breakage at a depurinated site in
DNA, at 37° and neutral pH, has been estimated to be 2000 hours [LAWLE'![
P. D. and P. BrookEgs: Biochem. J. 109: 433 (1968)].

Parrscu: In the sessions yesterday and today many problems on repair
mechanisms after X-ray and UV-ray were discussed. There is yet another
problem, namely the synthesis of nucleotides needed to replace the excised
nucleotides of the damaged DNA, which was not discussed till now, but seems
to be of great importance,
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In organisms two ways are possible to synthesize nucleotides (Fig. 1). One
of these is the de-novo synthesis using small precursors such as C-1 units,
the other way is called » preformed pathway ¢, a process where pyrimidine and
purine bases released by catabolism of nucleic acids are reutilized. Purine bases
are converted to the corresponding nucleosides by purine-phosphorylases and
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then to nucleotides by kinases or directly by 5-phosphoribosyl-1-pyrophosphate-
transferases (PRPP-transferases). Investigating these enzyme activities in the
cell-free homogenate of the radioresistant Pullularia pullulans, we measured
different enzyme activities depending from growth conditions (Figs. 2 and 3).
The activities were not reduced after irradiation up to 1.5 Mrad. The LDg
of anaerobically grown blastospores was about 860 Krads.

%
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Since some authors have reported that the de-novo synthesis of nucleotides
is much more affected by ionizing radiation than the preformed pathway,
especially at high radiation doses, we studied this fact in Pullularia. For this
purpose, ¥C-formic acid and *H-adenine were incorporated in unirradiated and
irradiated blastospores of Pullularia. Comparing the formation of adenosine
mononucleotide over the two synthesis ways we found that the de-novo
pathway was much more sensitive than the preformed pathway (Table 1).

= Nitrogen

mum transposed base /mg protein
1

I 1 I T
o 15° 30 L5’
Pullularia pullulans

Fig. 2. The purine-PRPP-transferase activities in anaerobically cultivated Pullularia,

guanine
- — — — hypoxanthine
. adenine

1 = control, 2 = 0.5 Mrad, 3 = 1.0 Mrad, 4 = 1.5 Mrad.

-PRPP-transferase activities

Table 1. The de-novo synthesis and the formation of AMP over the preformed pathway
in Pullwlaria pullulans.

De-novo synthesis Preformed pathway

Control 3.370 DPM 10,191 DPM
500 Krad 1.3589 DFM 6.422 DPM
Reduction to 41.229 64,029,
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Fig. 3. The enzyme activities were also determined in cells of the same eulture as described

above, but aerated for four hours.

guanine

—~ — — — hypoxanthine ; -PRPP-transferase activities
=+ —+ - adenine

1 = control, 2 = (.6 Mrad, 3 = 1.0 Mrad, 4 = 1.5 Mrad.

This indicates that after irradiation, especially at higher radiation doses, the
nucleotides may be formed mainly over the preformed pathway. Since, for
example, lymphocytes are affected by much lower doses than this radioresistant
organism (they also do not possess so many protective substances), the pre-
formed pathway may be a way to form purine-nucleotides for the repair repli-
cation.

Kierer: Just a simple question: What was the colony forming ability after
500 Krads?

Parrscu: In the nitrogen grown cells 500 Krads were approximately
LDg,. In nitrogen grown cells, they were cultivated in a pH constant culture,
the LDy, was 860 Krads and after change to the oxygen growth conditions
we found an increase in the colony forming ability of the cells. The LDy,
was about 1.4 Mrads.

REGax: What is the generation time of this organism?
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Parrsci: I haven’t studied it, but I think it is not known in the literature.

Movuroxn: I would like to get some comments on diseases resulting from the
combined action of radiations and molds. I think for instance on the inception
of pulmonary cancer (the so-called Jichymov cancer) studied presently by
M. ApamieK in the Czechoslovak uranium mines?

Kierer: Prof. ScHRAUR investigated this disease which we refer as »Schnee-
berger Krankheit «; the present knowledge has been reviewed recently [SCHRAUS,
A.: Radiological health and safety in mining and milling of nuclear materials.
IAEA-Symposium, Vol. I, p. 3 (1964)]. As far as I know, no interaction be-
tween radiation and molds has been found.

AvtMaNy: Perhaps I can answer your question, Dr. Mouton. A colleague
from Prague was working in our laboratory for some time and he told me
that a mold called Aspergillus fumigatus grows on the wooden parts in
Joachimsthal. We have isolated also a toxin from this mold. But we have no
direct evidence that there is an interaction between Schneeberger Krankheit
and the inhibition of repair by this toxin.

Kreppe: I wish to review briefly the various types of DNA which arise
during irradiation and the manner in which the repair enzymes act on these.
In particular I want to focus on some of the properties and functions of DNA
polymerase I from E. coli.
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Fig. 1. General structure of irradiation damaged DNA. The vertical bars are meant to
represent several base pairs.
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It would appear that within a given region on the chromosome irradiation
can give rise to basically four different types of DNA structures. The general
structure of these DNA’s are given in Fig. 1. The damage occurring most
frequently can be represented by DNA I where alterations have occurred in
one of the strands. Examples of this type are thymine dimers, base modifica-
tion and single-strand breakage ete. If both strands of the DNA are broken
within a more narrow region of the chromosome then three different types
of DNA may be formed, namely DNA II, DNA III and DNA IV. DNA II
contains a protruding single-stranded 5 end, DNA 111 a single-stranded 3" end
whereas type IV possesses no free single-stranded ends. In addition to these
structures DNA with crosslinking should also be considered. However, cross-
linked DNA is formed mostly in the presence of certain alkylating agents and
furthermore the mechanism of repair is not fully known. Therefore this type
of damage will not be considered here.
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Fig. 2. Normal repair mechanism for DNA 1.

The normal excision repair mechanism for DNA I is shown in Fig. 2. Nucleases
excise a portion of the damage chain, DNA polymerase I then fills the gap,
and joining of the last phosphodiester linkage is catalyzed by polynucleotide
ligase [ HowaArD-FLANDERS, P.: Ann. Rev. Biochem. 37 175 (1968) ; KorRNBERG,
A.: Science 163: 1410 (1969); Keroy, R. B, M. R. Arkixsox, J. A. HuBER-
MAN and A. KorNBERG: Nature 224: 495 (1969); Karraw, J. C., S. R. Kuss-
NER and L. Grossman: Proc. Nat. Acad. Sei. (Wash.) 63: 144 (1969)].
If, however, polynucleotide ligase has been inactivated or the concentration
of the necessary cofactor (NAD or ATP) severely decreased, then a different
situation may arise. Recent studies by RicHArDSON et al. [ Masamune, Y.,
R. A. FLEiscamax and C. C. Ricaarpsoxw: J. Biol. Chem. 246: 2680 (1971);
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MasamuNg, Y. and C. C. Ricuarpsoxn: J. Biol. Chem. 246: 2692 (1971)] have
shown that DNA polymerase I can initiate syntheses of DNA at single-strand
phosphodiester bond interruptions as shown in Fig. 3. Initially the DNA poly-
merase 1 hydrolyzes a small portion of the original DNA from the 5 end.

(5%

() L L T O O,
)

(b) T L O T T :g:
H .

(¢) ~TTTIII LT o)
(d) ~IITIIIT] LI T11] :3‘:

Fig. 3. DNA polymerase catalyzed synthesis of DNA at single phosphodiester bond
interruption.

This hydrolysis is then followed by repair from the 3" end and when a portion of
the DNA helix is reached which is less stable, then the 5’ end will be displaced
and DNA repair continued as shown in Fig. 3 (b). Structure (b) is thought
to be in equilibrium with structure (c), Fig. 3, where the newly formed chain
is partially single-stranded. If the 3’ end of this newly formed DNA can fold
back on itself (see Fig. 5), i. e., if it is partially selfcomplementary, then this
new 3’ end can itself serve as a primer for DNA polymerase I and repair will
proceed as shown in Fig. 5 (d). The result will be a new branched DNA, the
branched part being a selfcomplementary structure. It is doubtful whether
such a DNA would be biologically active. Nature must therefore have enzyme
systems which efficiently can repair such »overrepaired « DNA. From the above
considerations it therefore follows that merely measuring incorporation of
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thymine or thymidine may not always give the true picture with regard to
repair in a given cell. The state of polynucleotide ligase and its cofactor must
also be known if the correct conclusions are to be drawn.

Repair of DNA of the general structure 11 has been extensively investigated
in Knorana's laboratory using duplexes with known sequences, part of the
gene for alanine t-RNA [KrLerrg, K., E. Oatsuka, R. KLeppE, I. MoLingEUX
and H. G. Knoraxa: J. molec. Biol. 46: 341 (1971)]. DNA polymerase 1 will
repair such DNA’s to completion, i. e., the very last nucleotide is also incorpo-
rated as shown in structure (a), Fig. 4, which is identical with DNA IV. The
minimal size of the primers was found to be an oligonucleotide of approximately
5-T7 nucleotides in length.
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Fig. 4. Repair of DNA II by DNA polymerase 1.

Concerning DNA I1I, DNA polymerase will act on this type of DNA in two
different ways, depending on whether or not the 3" end possesses a complemen-
tary structure on the single-stranded portion, such as shown in Fig. 5 (a).
Experiments with single-stranded DNA of known sequence (KLEPPE et al.,
1971) have revealed that DNA’s capable of looping back on themselves can
be repaired by various DNA polymerases, as shown in (b), Fig. 5. On the
other hand if the 3" end is not capable of looping back on the single-stranded
regions then the 3" end most probably will be degraded by the exonuclease II
activity of DNA polymerase 1 to give structure (d), Fig. 5, which is identical
with DNA IV.

It has recently been shown that DNA of type IV with no single-stranded
ends can be joined end to end by T4 polynucleotide ligase [ScarameLLa, V.,
H. vax pE SawpE and H. G. Knorana: Proc. Nat. Acad. Sci. (Wash.) 67
1468 (1970)]. Whether or not polynucleotide ligases from other sources also
can carry out such a joining is not known. However, this finding raises many

questions regarding the mechanisms of recombination and rejoining of damaged
DNA molecules.

ALTMANN : The selection of invited speakers for this symposium was done in
the way, that in the first papers presented a review on DNA-repair mechanisms

-
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- ineluding new results — was given, and in the second part a connection was
made between the research from more theoretical standpoints with possible
practical applications.
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Fig. 5. Repair of DNA III by DNA polymerase 1.

I believe, that only the first part was fully successful and many new
aspects, especially the relationship between DNA repair, chromosome aberra-
tions and cell death, including many new reaction mechanisms and methods,
were discussed in. details. In the second part very rare information was
gained on DNA-repair inhibitors. Some new results were also reported on di-
seases which are based on DNA-repair enzyme defects. In xeroderma pigmen-
tosum as well as after incorporation of certain mycotoxins which also inhibit
DNA repair it is known, that »late effects « like leucaemias or other different
types of cancer normally occur. But there is still a lack of information on
the problem if certain cytostatic or immunosuppressive drugs which produce
also these »late effects« are DNA-repair inhibitors.

Some environmental contaminants beside mycotoxins — like detergents and
pesticides — seem also to have this side-effect. On the other side the question
arises if it is possible to use DNA-repair inhibitors which are not strong
immunosuppressive drugs — to avoid undesirable side-effects — in combination
with irradiation in cancer therapy. The increase of secondary cancers can
possibly be reduced and lower local irradiation doses may be necessary. Nor-
mally there is a more or less long delay between the time in which basic
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results are obtained and the practical application of these results. Possibly
this symposium can help to shorten this lag phase and we hope, not only the
scientist attending this symposium but also the pharmaceutical industry and
last not least mankind will have some profit from this line of research.

In conclusion I hope you agree with me that this symposium was success-
ful and we thank the Medical Department of the Hoechst AG for their kind

invitation and excellent hospitality.







