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[1] Mechanisms of repair

Ionizing radiation produce many kinds of lesion in

DNA, including strand breaks and modification of base as

well as of sugar moieties (Town et al. 1873). However,

living cells can efficiently repair most of this damage.

Our systematic studies on the repair mechanisms operating

on gamma-ray-induced DNA damages using permeabilized cells

o f Bacillus subtilis revealed that some repair processes

are necessary prior to those involving DNA polymerase and

DNA polymerase and DNA ligase (Noguti and Kada, 1972, 1975a)

(Fig. 1). Further studies showed that there exist enzymes

(primer-activating enzymes) which convert some of the gamma-

ray-induced lesions to effective priming sites (i.e./ 3'-OH

terminals) for repair replication by DNA polymerase (Noguti

and Kada, 1975b). Development of an assay system for the

primer activating enzyme in which the capacity of cellular

extracts to enhance the priming activity of gawwia-irradiated
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colicin El DNA for purified DNA polymerase I was measured

has enabled us to identify in extracts of B. subtilis two

kinds of primer activating enzyme (Inoue and Kada, 1977).

One of them was shown to be an apurinic/apyrimidinic site-

specific endonuclease and the other was a 'cleaning"

exonuclease (Inoue et al_. 1978). We recently applied this

assay system for the stuides on the repair properties of

AT (ataxia telangiectasia) cells and demonstreated that a

fibroblast line from AT had reduced activity of the primer-

activating enzyme (Inoue et al., 1977).

[2] Ataxia cells

Ataxia telangiectasia (AT) is an autosomal recessive

disease of man characterized by telangiectasia, neurological

degeneration, immunological deficienty, and prediposition

to malignancy (for review, see Paterson and Smith, 1979).

A unique feature of this disease is that the patients and

the cells derived from the patients exhibit an extreme

sensitivity to inoizing radiation. These properties suggest

that AT is a disease associated with defective repair mecha-

nisms for ionizing radiation-induced DNA damage.

Ataxia telangiectasia and normal fibroblasts were

compared as to the capacity of their cellular extracts to

enhance the priming activity of gamma-irradiated colicin El

DNA for purified DNA polymerase. It was found that an ataxia

strain had substantially lower capacity than a normal strain;



while the activities of apurinic site specific endonuclease

in these extracts were comparable (Inoue et ajL., 1977).

We then compared three ataxia telangiectasia homozygotes,

one hétérozygote and normal fibroblast strains as to the

capacity of their cellular extracts to enhance the priming

activity of gamma-irradiated colicin El DNA for purified

DNA polymerase of Escherichia coli (Fig. 2). It was found

that homozygotes had substantially lower activity than

normal strains, while no difference was detected between the

hétérozygote and normal strains. In vitro complementation

of the activity occurred between extracts of certain strains

of homozygotes, allocating them to two complementation groups

(Inoue et al^, 1981).

[3] Iodine radiosensitization

Our past studies showed that several halogenated

purines or pyrimidines, such as 5-iodouracil, 5-iodocytosine,

5-iodouridine, 5-iodo-2'-deoxyuridine, 5-iodo-2'-deoxycytidine,

6-iodo-purine, and 6-chloropurine, are strong radiosensitizers,

and that these compounds, dissolved in phosphate buffer

solution at pK 5.4, produced by gamma-irradiation products

toxic on B. subtilis or E. coli cells which are relatively

stable at 0*C but are labile by heating or by treatment with

SH-agents (Kada, 1969, 1970; Kadaetal., 1970a, 1970b;

Noguti et al., 1971)(Table 1). Similar effects were also

observed with iodoacetic acid, iodo-acetamide or alkalihalides.



Involvement of such radiation-Induced toxic products in

iodine radio-sensitization was shown not only with bacteria

but also with cultured mammalian cells in vitro (Kada, 1973;

Kuroda et al., 1975a, 1975b, 1977).

Two hypothesis have been examined so far. In the first,

radiation induced toxic products might inactivate repair

enzyme(s) involved in DNA-repair in gamma-irradiated cells.

In the second, the toxic products may damage essential

proteins that are non-enzymatic and bound to the cell membrane.

In our studies on enzymatic mechanisms of repair of

ONA damage induced by ionizing radiation, we isolated, from

B. subtills cells, FA (primer activating) enzymes that

enhance priming activity for DNA-polymerase 1 (Hicrococcus

luteus) of gamma-ray irradiated DNA (Colicine El plasmids).
an

We isolated an endonuclease and^exonuclease. These enzymes

are supposed to be involved in either excision of damaged

bases or cleaning of "Dirty" termi in repair pathways of

DNA damage induced by ionizing radiations. He tested if

the radiation-induced toxic products might specifically

inactivate the above gamma-ray specific repair enzymes.

The answer is so far negative (Kada et aJL., 1979).

The alternate hypothesis is supported by the following

experimental results. Genetic variant clones resistant to

iodine-radiosensitization isolated1 from cultured cells of

Chinese hamster were found to possess modified cell membrane

*s suggested by reduced aggregate forming ability in rotation
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culture (Kuroda et al., 1975b).

It is noted that induced mutability by gamma-

irradiation is reduced under iodine-radiosensitization

conditions either in bacteria or in mammalian cultured cells(Fig.3).

We suppose that potentially mutant cells may possess DHA

alterations that are specifically sensitive to the radio-

sensitization treatment.

137,

[4] In vitro repair with human cell extracts

Damage induced by gamma-ray-irradiation from a ""'Cs

source in DNA of Bacillus subtilis was repaired to certain

extent by in vitro treatment with the highly diluted

extract obtained from human placenta tissues, as estimated

from the increase in the transforming activity. This repair

activity was sensitive to heating (100*C) or to treatment

with EDTA (5 mM), suggesting some enzymes involved. Such

a recovery was not observed in DNA irradiated with beta-

ray from tritium water (Mochizuki and Kada, submitted for

publication).

Two normal fibroblast strains and three ataxia

telangiectasia homozygotes were compared as to the capacity

of their cellualr extracts to enhance the repair activity

of gamma-irradiated plasmid DNA (pUBllO) of Bacillus

subtilis. It was found that 50 - 60 t of the DNA damage

induced by gamma-rays was repaired by in vitro reaction



with the above highly diluted extracts obtained from normal

cells, as estimated from the increase in the transforming

capacity. Extracts from ataxia telangiectasia cells,

however, showed no repair activity. The repair activity in

normal cells was lost by heating at 60°C for 30 minutes or

treating with 5 mM EDTA 2Na. On the other hand, in vitro

complementation of the repair activity of gamma-irradiated

DNA occurred between extracts of certain ataxia telangiectasia

homozygotes, assining them to two complementation groups

(Mochizuki and Kada, in preparation).

[5] Radiosensitization with cordycpin, a repair inhibitor

Nakatsugawa and Sugahara (1980) studied the effect of

growth phase and chemicals on potentially lethal damage (PLD)

repair in X-irradiated Chinese hamster hai cells.

Starting from cells in the log phase, the magnitude of PLD

repair during 10 hr of postirradiation incubation in Hanks'

balanced salt solution increased from 2.5 to 18 as the

cultures approached the stationary phase, which occurred on

the 7th or 8th day. They then studied the effects of

chemicals dissolved in Hanks' BSS on the PLD repair using

10th- or 12th-day cultures. Among the chemicals tested,

caffeine and cordycepin were effective in inhibiting the

PLD repair, the latter being more potent. However, the

time course of cordycepin'a action showed a fall in the

surviving fraction followed by a rise, suggesting degradation



of the drug. When 2'-deoxycoformycin, an inhibitor of

adenosine desminase, was combined with cordycepin, the

effect of cordycepin was enhanced. Due to this prevention

of the deamination of cordycepin by 2'-deoxycoformycin,

the inhibition of PLD repair was prolonged; a possible

clinical application of cordycepin as a radiosensitizer

(Fig. 4)(Sugahara and Nakatsugawa, 1981; Raymond et al.,

1981).

That cordycepin is really acting as a repair inhibition

was shown using our in vitro rapair system where gamma-
of Bacillus subtilis

ray (10 kR) exposed transforming DNAAwas incubated with

extracts of human placenta and the effects of cordycepin

were observed. The placental extracts remarkably recovered

the transforming capacity (Fig. 5). Such a recovery was

gradually lost by presence of the radiosensitizer of

increasing concentrations (Fig. 6). This system may offer

a good system for screening radiosensitizers working in human.
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Fig. 2. Primer-activating enzyme activities in

cellular extracts form AT, AT hétérozygote and

normal fibroblasts. Irradiated'and unirradiated

DNA were independently treated with the indicated

amount of the extracts for 30 nin at 37*C. After

the incubation, a 3 /il sample was withdrawn from

each reaction mixture and applied to the assay

system for the priming activity of DNA.
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Fig. 3. Effect of if-ray induced toxic products on

jf-ray induction of 8-azaguanine resistant (8AGR)

mutations in Chinese hamster V79 cells. 1 x 10s

cells were plated per dish and incubated for 24

hours. After washing with glucose-free Tyrode's

solution they were exposed to' tf-ray {400 R) from

a 137Cs source (6.4 kR/hr), treated with îf-ray

irradiated S 10* solution (3 mM, 10 kR, 0"C) for

20 min. at room temperature and incubated for

6 days for expression. 8AGR colonies were scored

by the replate methods.

Jf- ray-induced

5f-ray induced and treated with non-
irradiated 5IU

X-ray-induced and treated with
irradiated.5IU
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Fig. 4. The effect of cordycepin on PLD repair in the

10th-day cultures. The cells were replated immediately
or 10 hr after various doses of x irradiation.

. «
O Replated immediately after X rays
m Replated after 10 hr of postirradiation
• incubation in Hanks' BSS

g Replated after 10 hr of postirradiation
treatment with 250 pVl cordycepin

(Nakatsugawa and Sugahara, 1981)
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Fig. 5. In vitro repair of grayed transforming
DMA by human placenta extract
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Table 1. Radio-sensitizing capacities and radiation-

induced toxicities of halogenated bases and their

derivatives. Cells of Bacillus subtilis Marbourg

were (a) resuspended in phosphate buffer solutions

containing each of reagents and exposed to gamma-

ray (10 kR) from a Cs source at a dose rate of

40 kR/hr or (b) each reagent buffer solution was

first exposed to 10 kR gamma-ray at 0*C combined with

bacteria and kept at 0*C for 10 min (Kada et al., 1970a)

Reagent

(1-raM)

None

5-iodouracil

5-iodocytosine

5-iodouridine

(a)

pH

12

0

0

0

5-iodo-2'-deoxyuridine 0

5-iodo-2'-deoxycytidine 0

6-iodopurine

6-chloropurine
0

3,

Survival fraction{%)
after simultaneous
treatment with Jf-ray
(10 kR) and drug

7.0

.0

.41

.52

.0035

.12

.0080

.01

.4

pH 5.4

12.9

0.000011

0.010

0.0064

0.0011

0.000028

0.00040

0.00058

(b) Survival fraction(t)
after treatment by
irradiated (10 kR)
drug solution

pH 7.0

96.6

17.2

21.9

1.5

3.1

3.1

1.5

10.9

pH 5.4

75.8

0.000025

0.000033

0.00037

0.00032

0.000021

0.000033

0.000025
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